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Reinforced Concrete Design

Notations

a

ay

Section 2 - Reinforced Concrete

depth of equivalent rectangular stress
block (BDS Article 8.16.2.7)

depth of equivalent rectangular stress
block for balanced strain conditions,
inches (BDS Article 8.16.4.2.3)

effective tension area of concrete
surrounding the flexural tension
reinforcement and having the same
centroid as that reinforcement, divided
by the number of bars or wires, square
inches; when the flexural reinforcement
consists of several bar sizes or wires
the number of bars or wires shall be
computed as the total area of
reinforcement divided by the area of
the largest bar or wire used (BDS
Article 8.16.8.4)

area of an individual bar, square inches
(BDS Article 8.25.1)

area of concrete section resisting shear
transfer, square inches (BDS Article
8.16.6.4.5)

gross area of section, square inches

area of reinforcement in bracket or
corbel resisting tensile force, N, (N,,.),
square inches (BDS Articles 8.15.5.8
and 8.16.6.8)

area of tension reinforcement, square
inches

area of compression reinforcement,
square inches

area of reinforcement to develop
compressive strength of overhanging
flanges of I- and T-sections
(BDS Article 8.16.3.3.2)

area of shear reinforcement within a
distance s

area of shear-friction reinforcement,
square inches (BDS Article 8.15.5.4.3)

width of compression face of member

effective tension flange width (not a
code variable)

web width, or diameter of circular
section. For tapered webs, the average
width or 1.2 times the minimum width,
whichever is smaller, inches (BDS
Article 8.15.5.1.1)

distance from extreme compression
fiber to neutral axis (BDS Article
8.16.2.7)

distance from extreme compression
fiber to centroid of tension
reinforcement, inches. For computing
shear strength of circular sections, d
need not be less than the distance from
extreme compression fiber to centroid
of tension reinforcement in opposite
half of member. For computing
horizontal shear strength of composite
members, d shall be the distance from
extreme compression fiber to centroid
of tension reinforcement for entire
composite section.

distance from extreme compression
fiber to centroid of compression
reinforcement, inches

nominal diameter of bar or wire, inches

thickness of concrete cover measured
from extreme tension fiber to center of
bar or wire located closest thereto (BDS
Article 8.16.8.4)

= modulus of elasticity of concrete, psi

(BDS Article 8.7.1)

modulus of elasticity of reinforcement,
psi (BDS Article 8.7.2)
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extreme fiber compressive stress in
concrete at service loads (BDS Article
8.15.2.1.1)

specified compressive strength of
concrete, psi

square root of specified compressive
strength of concrete, psi

fatigue stress range in reinforcement,
ksi (BDS Article 8.16.8.3)

algebraic minimum stress level in
reinforcement (BDS Article 8.16.8.3)

modulus of rupture of concrete, psi
(BDS Article 8.15.2.1.1)

tensile stress in reinforcement at
service loads, psi (BDS Article 8.15.2.2)

stress in compression reinforcement
(different than defined in code)

extreme fiber tensile stress in concrete
at service loads (BDS Article 8.15.2.1.1)

specified yield strength of

reinforcement, psi
overall thickness of member, inches

compression flange thickness of I-and
T- sections

tension flange thickness (not a code
variable)

moment of inertia of gross concrete
section about centroidal axis,
neglecting reinforcement

span length (not a code variable)

additional embedment length at
support or at point of inflection, inches
(BDS Article 8.24.2.3)

clear span length (not a code variable)
development length, inches
cracking moment (BDS Article 8.13.3)

nominal moment strength of a section

Yi
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factored moment at section

modular ratio of elasticity =E, /E, (BDS
Article 8.15.3.4)

number of bars
effective number of bars

factored axial load normal to the cross
section occurring simultaneously with
¥

nominal axial load strength of a section
at balanced strain conditions (BDS
Article 8.16.4.2.3)

nominal axial load strength at given
eccentricity

factored axial load at given eccentricity

spacing of shear reinforcement in
direction parallel to the longitudinal
reinforcement, inches

tension flange thickness (not a code
variable)

nominal shear strength provided by
concrete (BDS Article 8.16.6.1)

nominal shear strength (BDS Article
8.16.6.1)

nominal shear strength provided by
shear reinforcement (BDS Article
8.16.6.1)

factored shear force at section (BDS
Article 8.16.6.1)

distance from centroidal axis of gross
section, neglecting reinforcement, to
extreme fiber in tension (BDS Article
8.13.3)

quantity limiting distribution of
flexural reinforcement (BDS Article
8.16.8.4)

angle Dbetween shear-friction
reinforcement and shear plane (BDS
Articles 8.15.5.4 and 8.16.6.4)

ratio of area of reinforcement cut off

Section 2 - Reinforced Concrete
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Abbreviations

(beta)

H (mu)=

p (rho)=

¢ (phi)=

Section 2 - Reinforced Concrete

to total area of reinforcement at the
section (BDS Article 8.24.1.4.2)

ratio of depth of equivalent
compression zone to depth from fiber
of maximum compressive strain to the
neutral axis (BDS Article 8.16.2.7)

correction factor related to unit weight
for concrete (BDS Articles 8.15.5.4 and
8.16.6.4)

coefficient of friction (BDS Article
8.15.5.4.3)

tension reinforcement ratio = A_/bd
compression reinforcement ratio =
A’;/bd

reinforcement ratio producing
balanced strain conditions (BDS Article
8.16.3.1.1)

strength reduction factor (BDS Article
8.16.1.2)

BDS

= Bridge Design Specifications
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2.0.0 Introduction

The purpose of this section of the Bridge Design Practice Manual is to assist design engineers with
reinforced concrete design.

There are two parts to this chapter:

Part A — Design Example

This section contains an example design solution for a reinforced concrete box girder
superstructure using Strength Design methods. The computer programs “Bridge Design
System” and “Bent” were used to do the required structural analysis.

It should be noted that the example does not constitute a complete bridge design. Only enough
work has been done to demonstrate design methods. For example, tension steel has not been
designed for every span of the structure as would be done for an actual bridge design.
Additionally, there are other design considerations not considered in the example. For
instance, seismic design has not been addressed. It is hoped, however, that the example will
provide a good foundation for the design of reinforced concrete bridge structures.

Also, note that the example does not completely meet current CALTRANS design standards.
For example, current CALTRANS standards require continuous small diameter tension bars in
box girder bridges in addition to large diameter bars. However, for simplicity, the small
diameter bars were not utilized in this example.

It is also important to note that the example design is only an example. It is the work of only one
engineer. The methods used should not be viewed as Caltrans standards! There are often several
different ways to solve a design problem.

Part B - Design Notes

This section contains helpful formulas, interpretations of the specifications, derivations and
examples. It does not cover all sections of the specifications and it is not intended to be a
commentary on the specifications. It does, however, offer guidance on how to handle
frequently encountered bridge design problems.

A final word of caution is appropriate at this point! The information contained in this section should
not be used as a design guide in place of reading the specifications. There may be certain
instances where the methods described in this section are not appropriate for use. Therefore,
it is recommended that prior to applying any formula or procedure contained within this
section, the designer should read the appropriate section of the specifications to be certain that
the described formula or procedure is appropriate for use.

Any errors found in this chapter, either technical or typographical in nature, should be reported to
the chairman of the Caltrans Reinforced Concrete Committee.

Page 2-4 Section 2 - Reinforced Concrete
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Part A— Design Example

2.1.0 Structure Requirements

Design a reinforced concrete box girder structure with the span configuration shown below.
Provide for 40 feet of clearance between Type 25 barrier rails. Assume the use of two Type 2R
columns with base diameters of 4 feet. Assume f'. = 3.25 ksi and f,, = 60 ksi.

70' 110' 80’

b iy

Abut 1 Abut 4

Bent 2 Bent 3

2.2.0 Typical Section Geometry
Deck width = (curb to curb clearance) + (two Type 25 barrier rails)
= 40"+ 2(1.75') = 43.5'

From the Bridge Design Aids manual, for a reinforced concrete box girder with continuous spans, an
economical design will result when

Structure Depth

=0.055
Span

Structure Depth = (0.055)(110") = 6.05'
Use Depth = 6’
Slope the exterior girder web for aesthetic reasons.

Exterior web slope = 3 Sopzontal
P& = "3 Vertical

Assume exterior web width = 10"

Assume interior web width = 8"

The exterior webs are wider to allow for easier concrete placement which s difficult due to the webs
slope.

Section 2 - Reinforced Concrete Page 2-5
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From the Memo to Designers manual, Memo 15 -2, the spacing between girder webs for a reinforced
concrete box girder should be approximately 174 times the structures depth.

girder spacing = (1.5)(6") = 9'

deck width _ 43.5'
girder spacing 9’

=483

Assume 4 bays @ 9' and two deck overhangs.

43.5'-4(9')-11.2"/12
2

= 3.283' = 3-37A¢"

Overhang length =

Use overhangs = 3 '- 3"

Assume overhangs to be 7 inches deep at outside edge of deck and 12 inches at the intersection of
the overhangs with the exterior girder web.

Effective clear span between girder webs (interior bay) = S =(9')-(8") = 8'-4"

From the Bridge Design Details manual, Page 8-30, when S=8"-6"

deck slab depth = 84"
soffit slab depth = 6% "
Soffit slab width = deck width - 2(overhang) - 2(girder slope)(girder depth )

]

43.5'-2(3.25) - 2(¥%)(6'-1') = 32
Assume the use of two Type 2R columns at each bent.

See the Bridge Design Details manual, starting with Chapter 7, page 31, for standard architectural
columns used by Caltrans.

Page 2-6 Section 2 - Reinforced Concrete
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L 21'-9"

1'-9*
]F Structure symmetrical

Type 25 % about deck €
Concrete 8" gy
Barrier

k?“'-_t_

i“‘..
l 8" Typical 5
- 11.2° 6%" ©
10" 1
3'-3" 2'-6" 7'-0" T 9'-0"
T
| 11'-0"
A
€ Column
4'-0“ =
B 2'-0"
1 |
A A +
b
o
™|
>— L
E SECTION A-A
[«

@€ Bent

T T L

SECTION B-B

Section 2 - Reinforced Concrete Page 2-7



‘t I Bridge Design Practice — February 1994

2.3.0 Superstructure Loads

Caltrans currently uses a program titled “Bridge Design System” to perform structural analysis of
standard concrete box girder structures. The user is required to input the number of live load lanes
whichare tobe loaded on the structure. The program will analyze for different truck positions along
each span and also for lane loadings as described in Chapter 3 of the Bridge Design Specifications.

A simple way of obtaining factored results is to input more lanes into the program than actually
exists. Factored results will then be output.

Design Loads to Consider (See BDS table 3.22.1A)
Load1 = Service Load = 1.0 [D+ (L+1) H]
Load2 = Group Iy = 1.3 [D+1.67 (L+l) H]
Load3 = Group | = 1.3 [D+ (L+)) P
2.3.1 Dead Loads, D

Superstructure (box) weight = 0.15 kcf

Future AC wearing surface = (43.5'-3.5")(0.035 ksf) = 1.4 klf

Type 25 barrier rail = (2rails)(2.61cf/ ft)(0.15 kcf) = 0.783 kif
Future AC plus barrier rails = 2.183 kif

2.3.2 Live Loads, L
BDS Art. 3.23.2.2 says:

The live load bending moment for each interior stringer shall be determined by applying to
the stringer the fraction of a wheel load (both front and rear wheels) determined in Table
3.23.1.

BDS Table 3.23.1 says:

Concrete box girders are designed as whole width units. The number of wheel lines applied
to a box girder structure is:

overall deck width, feet
7.0

Number of design live load lanes

435 1 live load lane
= | —= wheel lin = 3.107 live 1 lan
[ 7 whee es]( > wheel s ] 3.107 live load lanes
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Input Data To BDS Analysis Program
Load 1 Load 2 Load 3
HS20 Group Iy Group |

Service HS20 Factored P -Truck Factored
Superstructure DL, kef 0.15 1.3(0.15) = 0.195 1.3(0.15) = 0.195
AC and Barrier DL, kIf 2.183 1.3(2.183) = 2.838 1.3(2.183) = 2.838
#HS20 live load lanes 3.107 1.3(1.67)(3.107) = 6.745 0
#P -truck live load lanes 0 0 1.3(3.107) = 4.039

2.4.0 Effective Depth

2.4.1 Minimum bar cover (BDS Art. 8.22.1)
top deck steel = 2"

bottom slab steel = 1.5"

Note: The above cover requirements assume normal environmental conditions.

2.4.2 Transverse Bars

From Caltrans Bridge Design Details manual, Page 8 -30, dated June 1986, and an effective span
length (clear span between girder webs) of 8' - 4" find:

top transverse bars = #6
bottom transverse bars = #4

Assume main longitudinal bars to be #11’s. This is probably conservative.

" " " 1'41 p "
dpos =72"-1.5"-0.5 - = 69.3

dpeg =72" - 2"-0.75" - 68.54"
2

Note:  Bridge Design Details manual, page 8-30 has been updated. Future designs should be
based on the current standard.

Section 2 - Reinforced Concrete Page 2-9
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& #6
[ - ;/i
T T ik
dpos dneg
il S
| 15 k #41
1.5"

2.5.0 Factored Design Shears (D +L +1) in kips

Location Span 1 Span 2 Span 3
0.0 906 P 1701 P 1579 P
0.1 693 P 1382 P 1349 P
0.2 509 H 1067 P 1114 P
0.3 329 H 749 P 880 P
0.4 154 H/ =274 H 470H/-IH 660 H
05 - 456 H -243H 467 H
0.6 -635H —-488 H 270H/-175H
0.7 -841P -765P -367H
0.8 -1043 P -1082 P - 566 P
0.9 -1247P -1398 P -791P
1.0 — 1456 P -1717P -1036 P

See pages 2-71 and 2-76
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2.6.0 Girder Web Flares

assume V, = 2./f.b,d (BDS Art. 8.16.6.2.1)
maximum usable V, =8 _[f’ (BDS Art. 8.16.6.3.9)
s chd

maximum allowable V,, = 10¢ [’ b d

b, 2 Vy is required.

" 104/ d
o =085
f'. = 3250 psi
d = 68.54"
b,, = 2(10") + 3(8") = 44" (initial assumption)

maximum allowable V,, = 10(0.85) 3250 (44)(68.54)[ lkirl’bJ= 1461 k
1000

Maximum design shears, V,,, may be assumed to be the shears which occur at a distance d from
the face of abutment and bent cap supports. (BDS Art. 8.16.6.1.2)

At the abutments, this point occurs at;

125+ 68.54" _ 6.96' from abutment center lines.
12

At bents, this point occurs at;

225 + 68-54" _ 7 9¢' from bent center lines.
12
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Referring to the table of factored design shears, it is seen that the maxium design shears for
spans 1 and 3 will never exceed the maximum allowable design shear of V,, = 1461 k. For
Span 2, design shears must be calculated at 7.96 feet from the bent center lines to determine

if web flares will be required.

Bent 2: V, = 1701 — 7-96 (1701 - 1382) = 1470 k > 1461 k
11

Bent 3: V, = ~1717 + 7-26 (1717 - 1398) = ~1486 k > 1461 k
11

Web flares are required at both ends of Span 2.

Determine total web width required at the face of the bent caps. By observation it is recognized that
it will be appropriate to calculate flare requirements at Bent 3 and apply the requirements to both
bents.

Bent 3 cap face: V,, = — 1717 + 222(1717 - 1398) = - 1652 k
11

V, __ 1652(10001b/k)
109f7d  10(0.85)}3250(68.54)

require that b, 2

require b, 249.7"
Use b,, = 10" for each web at the cap face.
Totalb,, = 50" for the whole box girder.
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Determine the required length of flare. The webs must begin to flare at the point in the span where:
V, = maximum allowable V, = 1461 k

u

Let x = minimum distance from support center line to start of web flare.
V, =1461=1717 - X (1717 - 1398)
11

x = 8.83
Required flare length = 8.83'-225" = 6.58'

Minimum required flare length = 12(difference in web thickness) (BDS Art. 8.11.3)
= 12(10"-8") =2'
Use flare length = 7'
2.25' 7
flare
g*
X 1

£ E 2

¢ Bent Cap
Plan

Bent 2 - Typical Interior Girder (Bent 3 is similar)
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2.7.0 Factored Design Moments (D + L +1) in k-ft

Page 2-14

Location Positive Negative
Span 1 0.0 0
0.1 5240 P
0.2 8669 H
0.3 10394 H
0.4 10777 P 1196 P
0.5 9658 H —-436 P
0.6 7301 H -2841P
0.7 3522 H - 6018 P
0.8 —-1487 H - 9968 P
0.9 - 14690 P
1.0 - 22476 P
Span 2 0.0 -25319 P
0.1 — 4439 H -9835P
0.2 4548 H -1327P
0.3 12358 P 3717 P
0.4 17525 P
0.5 19126 P
0.6 17364 P
0.7 12027 P 2585 P
0.8 3931 H - 2860 P
0.9 - 5519 H - 10936 P
1.0 — 26386 P
Span 3 0.0 — 24568 P
0.1 — 14598 P
0.2 -665H —8940P
0.3 5515 P - 4291 P
0.4 10405 P -651P
0.5 13366 P 1980 P
0.6 14529 P
0.7 13814 P
0.8 11069 P
0.9 6831 P
1.0 0

See pages 2-70 and 2-75
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2.8.0 Maximum Design Moments

Moments at faces of support may be used for negative moment design. (BDS Art. 8.8.2)

Bent 2
Span 1 side of cap: M, = — 22476 + -3- (22476 -14690) = — 20252 k-ft
Span 2 side of cap: M, =-25319+ % (25319 -9835)  =-22504 k-ft
Bent 3
Span 2 side of cap: M, = -26386 + 1—21 (26386 —10936) =-— 23577 k-ft
Span 3 side of cap: M, = — 24568 + 2 (24568 —14598)  =-22076 k-ft
8
Desian
Location Moment
Span 1 0.4 10777 k-ft
Span 2 0.5 19126
Span 3 0.6 14529
Bent 2 - 22504
Bent 3 - 23577

2.9.0 Steel Requirements at Maximum Moment Sections

2.9.1 Positive Moment Section Parameters

b = 435 = 522"

b, = 10+8+8+8+10 = 44"
h = 8.125"

d = 693"

¢ =09
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2.9.2Span 1 0.4 point, M, = 10777 k-ft (Solution Method 1)
assume a<h (i.e., section is rectangular in nature)
require oM, =M,
OM, = 0Af (d_i) where a= sl (BDS Art. 8.16.3.2.1)
I 2 85(’b
a)_
set ¢A5fy[d 'EJ =M,
0AL, d—0Af, sty — M

u

1.7fb
¢fy2 A 2
& 1A2- (0f,d)A, + M, =0
1.7

1.123A2 - 3742A_ + (10777)(12) = 0
This is a quadratic equation which can be solved for A,.

A, = 3493 in?
check that a < hy
= Ady 145 <8125 okay
85(b

Required A, = 34.93 in’

2.9.3 Span2 0.5 point, M, = 19126 k-ft (Solution Method 2)

assume a<hy

set ¢Asfy(d--3}= M,

The above equation can be solved algebraically to yield a direct solution for A:

Y2 of,dz f

A =E[l_ 1_4Mu:| where z= 1.7fcbd
y

Units for all variables must be consistent.
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2 = 17(3.25)(522)(69.3) _ 3337 jn2
60

A, = Eéﬂ[l_ \/1 4(19126)(12) J=62.50 in?
2

: ~(0.960)(69.3)(3331)
check that a < h¢

Af,
85{’b

=2.60" < 8.125" okay
Required A, = 62.50 in’

2.9.4 Span3 0.6 point, M, = 14529 k-ft (Solution Method 3)

assume a<hy

set ¢Asfy(d-';_)= M, where a= Ay

85b

Restate the above equations in a different form:

85 % 2d-a)
2
M
a = 0.04161A, A=__ Mo
2.25(138.6-a)

For the above equations, a=inches, M, = k-ft

Start with an assumed value of a. Then iterate between equations.

a = 4" (initial assumption) A, = 47.97 in?
a = 1.99" A, = 47.27in?
a = 1.967" A, = 47.26 in?
a = 1967" A, = 47.26in?
a = 1.967" <8.125" okay

Required A, = 47.26 in?
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2.9.5 Negative Moment Section Parameters

b = 32'=384"

b,, = 44" (web flares have been neglected)
hy = 6.375"

d = 68.54"

¢ =09

2.9.6 Bent 2, M, = -22504 k-ft

Assume a<h;

Require o¢M, 2M,

Use one of previous methods to solve for A,.
A, =75.30in? a=4.26"<6.375"
Required A, = 7530 in’

2.9.7 Bent 3, M, = -23577 k-ft

Solve the same as for Bent 2.

Required A, =79.02in? a=447"<kh
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2.10.0 Maximum Allowed Tension Steel (BDS Art. 8.16.3.1.1)

p= As and p, = balanced reinforcement ratio.

bd
Maximum allowed p = 0.75 p,,

From the above equations and BDS Art. 8.16.3.3, it can be found that for a flanged section with the
neutral axis below the flange,

maximum allowed A, = 0.63754¢ Bib.d _ 87000 +(b-by, )h;
fy 87000 + £,

2.10.1 Maximum Tension Steel in the Soffit Slab

f'. = 3250 psi
f, = 60,000 psi
B, = 0.85

b = 522"

b, = 44"

hy = 8.125"

d = 69.3"

maximum allowed A, = 187.08 in?

2.10.2 Maximum Tension Steel in the Deck Slab

= 3250 psi

= 60,000 psi

0.85

384"

44" (Note: Do not include web flares here)
6.375"

68.54"

Maximum allowed A, = 127.23 in

—

"

Ay ST
I
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2.11.0 Effective Tension Flange Width (BDS Art. 8.17.2.1)

2.711.1 Span 2 - Positive Moment Tension Flange Width (soffit slab)

Exterior Girder:
6t =6(6.375")  =38.25"
Vol =Y%,(110) =110" 10" + 35" = 45"
Yla =% (70% =35" 45
Vol =Y (110) = 132"

First Interior Girder:

6t =6(6.375") =38.25"

L o =% (70% = 35" 35" + 8" + 38.25"

Yy L arigm= V2 (100") = 50" = 81.25" 81.25"
Vol  =%e(110)  =132"

Second Interior Girder:

6t =6(6.375")  =38.25" 38.25" + 8" + 38.25"
Yol =% (100%) = 50" =84.5" 845"
Vol =Y (110) =132"

Total effective tension flange width.
= 45"+ 81.25" + 84.5" + 81.25" + 45" = 337"

Note: Calculations for spans 1 and 3 are similar.
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2.11.2 Bent 3 - Negative Moment Tension Flange Width (deck slab)

Exterior Girder:
6t =6 (8.125%)
overhang = 39" 39" + 10" + 48.75" = 97.75"
Yol = Y, (99%) 97.75"
VioL = Y40 (110)
First Interior Girder:
6t =6 (8.125")
YL aien = ¥4 (99" 48.75" + 10" + 48.75" = 107.5"
Vz L cir right = 1/2 (98-) 1075.
Vol =% (110")
Second Interior Girder:
6t =6 (8.125%
Yola  =Y(98" 48.75" +10" + 48.75"= 107.5"
107.5"
Viol =Y (110))

Total effective tension flange width

=97.75" + 107.5" + 107.5" + 107.5" + 97.75" = 518"

Note: According to BDS Art. 8.17.2.1.3, an effective tension flange width shall be calculated on
each side of the bent cap. The larger of the two effective widths shall be used. Upon
inspection it can be seen that the 518 inch width calculated above will control.

Section 2 - Reinforced Concrete
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Location Design A, Effective
Moment, M, Requirement Tension Flange
Span1 04 10777 k-ft 34.93 in? 336.5"
Span2 0.5 19126 62.50 337
Span3 06 14529 47.26 337
Bent 2 - 22504 75.30 518
Bent 3 - 23577 79.02 518
—» [=— 15" — j=—o (5"
» 97.75" 107.5" 107.5"
44" 53.75" 53.75" 53.75" 53.75"

7 5 '
) I
|

1 Non-effective
: tension flange ;
areas
7777 1
84" 42 25" 235" 42 25"
126.25" 84.5"

All main tension steel bars shall be distributed within the effective tension flange areas.
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2.12.0 Positive Moment Bar Size Limitation (BDS Art. 8.24.2.3)

Requirement at simple supports and points of inflection:

2.12.1 Span 2 Inflection Points
Inflection points occur at 0.15 and 0.85 points of Span 2. (See moment envelope, page 2-33)

at 0.15 point, V,=1382-%(1382-1067) =1225k
at 0.85 point, V,=-1398 + % (1398 - 1082) = - 1240 k
at 0.5 point, M, = 19126 k-ft < oM,

M, > 19126 _ 21251 kft
0.9

At least Y4 of the steel present at the 0.5 point of Span 2 must be extended into the bent caps.
(BDS Art. 8.24.2.1)

Therefore, it is safe to assume that the moment capacity at the inflection points is at least:
M, =% (21251) = 5313 k-ft.

¢, = greater of d or 12 d, at points of inflection

¢, =[69.3"or 12 (1.41)=169"] for #11bars = 69.3"
£, = 66" for #11 bars

Mi s, = 5318 (12) 4+ 693" =121"> £, = 66"

v, 1240

Any bar size #11 or smaller may be used for positive moment steel in Span 2.

2.12.2 Span 3 Inflection Point

The inflection point occurs at 0.2 point of Span 3. (see page 2-36)
at 0.2 point, V, =1114k

at 0.6 point, M, = 14529 k-ft < oM,

M, > 14529 - 16143 k-t
0.9

At least ¥4 of the steel present at the 0.6 point of Span 3 (BDS Art. 8.24.2.1)
must be extended to the bent cap.
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Assume at 0.2 point, M, = ¥, (16143) = 4036 k-ft.
£, =69.3"
2,=66"

My 4 g, = 4036(12) + 693" = 113" > ¢, = 66"
V. 1114

u

2.12.3 Span 3 Abutment
at the abutment, V, = -1036 k

at 0.6 point, M, = 14529 k-ft < ¢M,

M, = 14529 _ 16143 k-ft
0.9

At least ¥; of the steel present at the 0.6 point of Span 3 (BDS Art. 8.24.2.1)
must be extended to the abutment.

Assume at the abutment, M, = (16143) = 5381 k-ft

¢, = embedment length beyond support center line.
, =(1'-3-3"=12"
2, = 66"

Mi 4, = 5381 (12) 412" =74"> ¢, = 66"
Vv 1036

u

Any bar size #11 or smaller may be used for positive moment steel in Span 3.

2.13.0 Crack Control (Pre-Design) (BDS Art. 8.16.8.4)

The following procedure can be used to find out how many tension bars should be used to satisfy
crack control requirements. If an existing design is to be checked for crack control, do not use this
procedure. Also, please note that this procedure is only valid if all of the tension bars are the same
size (see pages 2-121 thru 2-129).

d. = distance from extreme concrete tension fiber to center of the closest tension bar.

A, = area of tension steel required to meet strength design requirements.

A, = area of one tension bar.

A, = effective area of concrete in tension which surrounds the tension steel and has the same

centroid as the tension steel.
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z = crack control factor (see specifications).
f, = working stress in tension steel at service loads.
n.= number of bars required to satisfy strength design.

1
n, = number of bars required to satisfy crack control allowable stress formula, f, =z / (dA)3.

cC

n,,= number of bars required to create stresses in the tension steel of 24 ksi.
ny,= number of bars required to create stresses in the tension steel of 36 ksi.
n = minimum number of bars required

fy = 60 ksi is assumed.

1. Calculate required A, for the factored moment, M,
2. Calculate f, assuming A, = amount of tension steel present. Use working stress analysis and
service load moments, D+(L+I)H.

3. Calculate n,y = As
Ap
If f, <24 ksi,usen=ny

5. Calculate d_ A,, and T=Af,
A, = (b)) x lesser of {ﬁdc
t

where  h, = thickness of tension flange
b, = effective tension flange width
* This definition of A, is only good if all tension bars are in a single layer.

c ;
6. Calculaten. = || — | d.A,
ZAb

Ny = 1
24A,
T
Nge =
36A;
7. Ifn, >ny, use n = larger of ny; or ny

Ifn,y,>n,>n3, usen=largerofnorny

If n. <ny use n = larger of nzg or ny
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Service Load Moments (D+ L+ 1) H in k-ft

Location Positive Negative
Span 2 0.0 - 14408
col. face* - 12903
0.1 -6132
0.5 10669
0.9 - 7069
col. face* - 14006
1.0 — 15547
Span 3 0.0 — 14670
col .face” -13198
0.1 - 8782
0.6 8359
See page 2-83

*Calculate moments at column support faces.

Bent 2:

Bent 3

Calculate f_ at each section using required A from strength design calculations (see page 2-119).

M = — 14408 + %1(14408 - 6132) = — 12903 k-ft

M = — 15547 + %1(15547 - 7069) = — 14006
M = - 14670 + % (14670 - 8782) = — 13198

0.5 Span 2 0.6 Span 3 Bent 2 Rt Bent 3 Lt Bent 3 Rt
b 522" 522 384 384 384
b. 44" 44 50 50 44
hy 8.125" 8.125 6.375 6.375 6.375
n 9 9 9 9 9
A, 62.5 in? 47.26 75.30 79.02 79.02
d 69.3in? 69.3 68.54 68.54 68.54
M 10669 k-ft 8359 -12903 -14006 -13198
A 31.08 ksi 32.09 31.58 32.69 30.78

Page 2-26
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2.13.1 Span 2 0.5 point - #9 bars only
A, = 625in? f.=31.08ksi T=Af, =(62.5)(31.08)=1943 k

b, = effective tension flange width = 337"

d. =15+0.5+1.128/2=257"
2d,= 5.14"
h, = 6.375"
A, = (b)(lesser of 2d, and h, ) = (337)(5.14) = 1732 in?
z = 170 for normal enviromental conditions
Ny = AS = -6_2.§ =63
Ay 1.0
1 5 1
3
T 4 1943 '
n, = dA.| =||———| (257)(1732)| =51
[(AJ I [[(170)(1.0)} Tk ]]
——— T 1943
24 — = -
24A, (24)(1.0)
. T 1943
36 = = =
36A, (36)1.0)
ncc < rl36

Therefore, n = larger of ny, or ny = 63
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Page 2-28

Span 2 0.5 point Span 3 0.6 point
A, =625 f, =31.08 A, =47.26 f, = 32.09
T =1943 z =170 T =1517 z =170
h, =6.375 b, =337 h, =6.375 b,= 337
Bar #9 #10 #11 #9 #10 #11
Ay 1.0 1.27 1.56 1.0 1.27 1.56
d. 2.57 264 2.70 257 264 2.70
2d. 5.14 5.28 5.40 5.14 5.28 5.40
A, 1732 1779 1820 1732 1779 1820
Ngy 63 50 40 48 38 31
Nee 51 43 38 43 36 31
N2y 81 64 52 64 50 41
Nag 54 43 35 43 34 27
n 63 50 40 _i 48 38 31
Bent 2 Right Bent 3 Left
A, =75.30 f. =31.58 A, =79.02 f, =32.69
T =2378 z =170 T =2583 z =170
h, =8.125 b,=518 h, =8.125 b, =518
Bar #9 #10 #11 #9 #10 #11
A, 1.0 1.27 1.56 1.0 1.27 1.56
d. 3.31 3.39 3.46 3.31 3.39 3.46
2d. 6.62 6.78 6.92 6.62 6.78 6.92
A, 3429 3512 3585 3429 3512 3585
Ny 76 60 49 79 63 51
Ne 75 64 55 80 68 59
N2y 99 78 64 108 85 69
Ny 66 52 43 72 57 46
n 76 64 55 80 68 59

Section 2 - Reinforced Concrete




‘t I Bridge Design Practice — February 1994

2.14.0 Bar Spacing Limits

2.14.1 Minimum bar spacing (BDS Art. 8.21.1)

0% b
1.5(1") = 1.5

]

1.5 d,, =1.5(1.41")
greater of {1.5 (aggregate size)
5

]

Minimum bar spacing = 2.12" assuming use of #11 bars.

2.14.2 Maximum bar spacing (BDS Art. 8.21.6)

1.5 (slab thickness) =1.5(8.125")
lesser of =1.5 (6.375")
18"

12.2" for top slab
9.56" for bottom slab

]

Maximum spacing = 12.2" for the top slab
= 9.56" for the bottom slab

2.14.3 Minimum Number of Bars Required

2 44" ] 109"
~— [ ]
° [-] -] o|o J’
I
| Non-effective tension
( flange area.
o0 olo ol /r
—.'1 T 84" S LY !._ ¢

44" _2" _2"

Top slab, 44 inch secti
ops inch section ——=7

= 3.3 spaces required between bars shown.

5 bars required
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Top slab, 109" section 109°-2"-2" _g¢ spaces
122"
10 bars required
Bottom slab, 84" section w = 7.7 spaces
9.56"
10 bars required
Bottom slab, 42.25" section L5°-2-2 _4 spaces
9.56"

5 bars required

Note: The 2 inch, 4 inch, and 8 inch dimensions on the above figure are only approximations.

2.15.0 Minimum Reinforcement Requirements (BDS Art. 8.17.1)

A minimum design strength is required at any section where tension reirforcement is required.

minimum 6M, = 1.2M,, = 9 Jf £ (BDS Art. 8.17.1.1)
Yt

From the BDS frame analysis output;

Iy = lgoss = L, = 363.38 ft*

y: = 3.49' for positive moments.

Modify the design moment envelope as follows;

For positive moments

(363.38t* | 144in?/ft? |_ 7693 k-ft
3.49ft ) 10001b/k |

\ /

minimum M, = 9./3250

For negative moments

(363.38t* Y 144in2/8> \_ 10697 kft
 6—3.49ft | 1000Ib/k )
The minimum design moment requirements above may be waived

if the steel provided at a section is one third greater than that required (BDS Art. 8.17.1.2)
due to the applied factored moment, M,,

minimum M, = 9./3250

For example, if M,, = 90 k-ft (factored D + L + I), then it is acceptable to design for an adjusted M,,
value of M, =90 + %5 (90) = 120 k-ft
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2.16.0 Bar Layout, Span 2 - Positive Moment

Try #10 bars n =50

Effective tension flange = 337"

| 84" | 4225

235"

42.25°

Y
A

A

00 O0OO0O0O0O0O0O0O0O00 0000000

0000000

AA BCADEEDACBA|ABCADEF

84 (50)=125- try 13 bars in 84" flange section.

337

4225 (50)=6.3 — try7 bars in 42.25" flange section

337
Total number of bars =2(13+7 +7) = 54

FEDACBA| !

Extend at least ¥4 (54) = 13.5 bars into bent caps. (BDS Art. 8.24.2.1)

2.16.1 Choose Bar Groups

Bars have been tentatively layed out as shown in the above diagram. It is assumed that the A
bars will extend into the bent caps. The A bars within the girder webs will be continuous.

Bar Type No. Groups A, oM,
A 18 18 22.86 in? 7086 k-ft
B 8 26 33.02 10204
C 8 34 43.18 13303
D 8 42 53.34 16382
E 8 50 63.50 19442
F 4 54 68.58 20964

Draw the factored design moment envelope. Modify the envelope to meet minimum A,
requirements of BDS Art. 8.17.1. Draw lines representing ¢M,, for each bar group.

Mark off bar extensions in accordance with BDS Art. 8.24.1.2.1.

Check that all bars extend past the moment envelope at least a distance equal to development

length, £,, in accordance with BDS Art. 8.24.1.2.2.

Section 2 - Reinforced Concrete
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Measure, in feet, the distance from the span center line to the ends of each bar group.

Matchbarends to reduce the number of different bar lengths required in the field. Keep inmind
that 60 feet is the longest practical bar length available. Anything longer will require splicing.
Try to keep splicing to a minimum.

5+ 5 =10 4bars 5+ 5 =10 F
20+ 37 = 57 8bars 21 + 37 = 58' C
27+ 31 =58 — Use 8 bars 27 + 31 = 58' E
31+ 26 = 57 8 bars 31 + 27 = 58 D
38+ 20 = 58 8 bars 38 + 20 = 58' B
continuous 18 bars continuous A

Provide reinforcement in noneffective tension flange areas. (BDS Art. 8.17.2.1.1)
required area = (0.4%)(6.375")(23.5") = 0.60 in’

Place one #7 bar at the center of the noneffective areas.
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2.17.0 Bar Layout, Span 3 — Positive Moment
Try #10 bars n =38

Effective tension flange = 337"

| 84" 42.25" 235" 4225° |

- L T

A

OOOOOOOOOO!OOOOOWOOOOO

I
|
AA B C D ADCB A|/ABCDE EDC B Al !

84 (38) = 9.5 — try 10 bars in 84" flange sections.
337

42.25 (38) = 4.8 — try 5 bars in 42.25" flange sections.
337

Total number of bars

2(10+5+5)=40
10 bars into bent cap. (BDS Art. 8.24.2.1)
Extend at least 4 (40) = 13.3 bars into abutment (BDS Art. 8.24.2.1)

Extend at least ¥4 (40)

2.17.1 Choose bar groups

Bar Type No. Groups A oM,
A 12 12 15.24 in? 4735 k-ft
B 8 20 25.40 7867
C 8 28 35.56 10980
D 8 36 45.72 14074
E 4 40 50.80 15614
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Perform graphical procedures as was done for Span 2. Match bar lengths.

3+20 =23 4bars 3 + 20 = 23’
13 + 41 = 54 8bars 15 + 41 = 56'
19 + 37 = 56' — Use 8bars 19 + 37 = 56'
26 + 30 = 56' 8 bars 26 + 30 = 56'
continuous 12 bars continuous

Place one #7 bar at the center of the noneffective area.

Section 2 - Reinforced Concrete Page 2-35
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2.18.0 Bar Layout, Bent 3 - Negative Moment

Try #10 bars n= 68

Effective tension flange = 518"

The non-effective tension flange regions are very small. Consider the full 522 inch flange width for

distribution of the tension steel.

AEDCBAABCDBCEECBDCBA|/ABCDBCETECBDGCBA| |

OOOOOOOOOOOOOOOOOODO{OOODOOOOOOOOOO

|
I

Ry

44" -

108 *

- -

522

109 g8)=142 —
522

|
109" "
< Jiad

4 68)=57 — try6barsin44" overhangs.

try 14 bars in each bay.

Total number of bars = 2 (6 + 14 +14) = 68

Extend at least %4 (68) = 22.7 bars beyond inflection point.

2.18.1 Choose bar groups

(BDS Art. 8.24.3.3)

Bar Type No. Groups A, oM,
A 12 12 15.24 in? 4675 k-ft
B 18 30 38.10 11578
C 10 40 50.80 15356
D 10 50 63.50 19092
E 18 68 86.36 25714

Perform graphical procedures similar to those done for Spans 1 and 2. Match bar lengths.

35+ 10 = 45
11+42 = 53
17+ 14 = 31
14+ 18 = 32
continuous

Section 2 - Reinforced Concrete

Use

18 bars 35+ 10
18 bars 11 + 42
10bars 17+ 15
10bars 14 +18

= 45
= 53'
32

32

12 bars continuous
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2.19.0 Fatigue Check (BDS Art. 8.16.8.3)

working stress analysis)

Requirement: st _ { 23.4-0.33f —f
equivalent expressions f —067f. <234ksi
f . = maximum stress in reinforcement from (D + L + I) HS service loads in ksi (calculate using
working stress analysis)
f ., = minimum stress in reinforcement from (D + L + I) HS service loads in ksi (calculate using

Section 2 - Reinforced Concrete

Sign convention: tensile stresses are positive;
compressive stresses are negative.
Location Moos Mpeq Noot N, (Mpax - 0.67 M) /N
Span 2
0.5 10669 k-ft 6323 k-ft 54 12 119
0.6 9656 5454 50 12 120
0.7 6690 2953 34 12 139
0.8 1848 -1017 18 30 - « check
0.9 - 4605 - 7069 18 40 100
col. face | —10190 — 14005 18 68 106
Span 3
col. face - 9697 -13198 12 68 99
0.1 -6120 - 8782 12 50 94
0.2 — 1401 —4333 12 30 113 « check
0.3 2620 -1075 20 30 - « check
0.4 5626 1407 36 30 130
0.5 7527 3113 36 12 151 « check
0.6 8359 4043 40 12 141
0.7 8080 4196 36 12 146
0.8 6672 3574 36 12 119
0.9 3994 2175 20 12 127
See page 2-83
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Mpos = Dead plus positive live load moment envelope.

M, = Dead plus negative live load moment envelope.

M,.. = Moment which causes maximum stresses in the tension steel.
M., = Moment which causes minimum stresses in the tension steel.
Npot = Number of fully developed bars in the bottom slab.

Number of fully developed bars in the top slab.

M. — 0.67 M;n = internal member moment which will result in a steel stress of f,.—0.67 f ;.
This is only true when M, ., and M,;, have the same sign (i.e. no moment
reversal).

Do a fatigue check at the member location yielding the largest value of (M., — 0.67 M_,;,)/N.
Do this check separately for positive moment locations and negative moment locations. Also do a
fatigue check at locations where moment reversal takes place.

Working Stress Analysis
Span 2 Span 3 Span 3 Span 3
0.8 0.2 0.3 0.5

Noot 18 18 12 20 20 36
Niop 30 30 30 30 30 12
n 9 9 9 9 9 9
b 522" 384 384 522 384 522
b, 44" 44 44 44 44 44
hy 8.125" 6.375 6.375 8.125 6.375 8.125
d 69.36" 68.61 68.61 69.36 68.61 69.36
d’ 3.39" 2.64 2.64 3.39 2.64 3.39
A, 22.86 in? 38.10 38.10 25.40 38.10 45.72
AL 38.10in? 22.86 15.24 38.10 25.40 15.24
M* 1848 k-ft -1017 - 3395 2620 -1075 5441
74 —1.42 ksi 4.86 16.25 -2.02 5.14 -4.39
top bars
£ 14.47 ksi -1.24 —-4.32 18.50 -1.29 21.55
bot bars

*M = applied moment at locations where moment reversal occurs.

*M = M,_,, - 0.67 M, at locations where moment reversal does not occur.

Page 2-40
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Span 2: 0.8 pt bottom steel
0.8 pt top steel

Span 3: 0.2 pt top steel
0.3 pt bottom steel
0.3 pt top steel

0.5 pt bottom steel

1447 -0.67 (-1.24) = 15.3 < 23.4 ksi
486 -0.67 (-1.42) =58 <234

16.25 < 23.4

18.50 - 0.67(-1.29) =19.4 <23.4
5.14 - 0.67 (- 2.02) = 6.5 <23.4
21.55 < 234

Fatigue requirements have been satisfied.

Section 2 - Reinforced Concrete

okay

okay
okay
okay
okay
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2.20.0 Final Bar Layouts

2.20.1 Span 2 — Bottom Slab Reinforcement

@ Exterior Girder @ Span2
ﬁm
o __———-—-——-—-——————————rr -7 7~ — -
38 20
21 37
- *
31 27
27 31
o 27 31
(- Q Interior Girders 31 07
* *
21 37
38 20
Cont
S ——F-————————————————Ff ——————— — — — ===
38 20
21 37
* -
;3 31 27
- 27 -31
5 ———te— 5
Cont #7 *
5———5
::) 27 31
- 31 27
- *
21 37
38 20
Cont
B e e e e e e e e e e e e
k Bar layout symmetrical about § of structure.

All bars are #10 except where noted.
All bars shall be evenly spaced within limits shown.
Numbers at ends of bars represent distances from span center line.

* Extend at least 6" into bent caps.
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2.20.2 Span 3 — Bottom Slab Reinforcement

€ Span 3 ¢ Abut 1
@ Exterior Girder
Cont
EO]'T ——————————————— e o ——— —————
15
26 30
19 37
19 37
26 30
15
Cont
TS S o . Y e e e e, e o e e
) 15
S 26 30
19 37
A 4 3 20
Cont #7
€ Interior , 3 20
Girders 19 37
.~ 26 30
15
Cont
. 2
L Bar layout symmetrical about € of structure.

All bars are #10 except where noted.
All bars shall be evenly spaced within limits shown.
Numbers at ends of bars represent distances from span center line.

* Extend at least 6" into bent cap.
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2.20.3 Bent 3 - Top Slab Reinforcement

€ Bent 3
Cont
. 14 18
€ Exterior 17 15
Girder i P
35 10
Cont
ont =~ ~— — ——---—-—-—-—--—-T-—- - —"—--"-"-"—-"—-"—-""—-—-"—-—="—="="—""
35 10
1 - 42
17 15
Typical a5 10
Interior Bay 1 42
14 18
14 18
€ Interior 11 42
Girders 35 10
17 15
11 42
35 10
Cont
~-cm - - - " "==-—--7- """ -—-—-="-T7—-——=——=—=—=7===
€

All bars are #10.
All bars shall be evenly spaced.
Numbers at ends of bars represent distances from the bent center line.
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2.21.0 Longitudinal Web Reinforcement (BDS Art. 8.17.2.1.4)
(BDS Art. 8.17.2.1.5)

The maximum amount of flexural reinforcement occurs at Bent 3, A, = 86.36 in?

. 2
10%of A, = 8.64in2 — 864N _173in2/girder web.
5 girders

Minimum bar size to be used is a No. 4 bar (A, = 0.20 in?).

1.73in?

> = 9 bars = 5 bars/web face.
0.20in

Number of No. 4 bars required =

Check maximum spacing requirement:

web width = 8" -

Maximum bar spacing = lesser of {
12"

Based on maximum spacing requirements, the number of 8 " spaces between bars is:

d-h; —fillets— 2"  69.3-8.125-4-2
8" - 8

and therefore the minimum number of bars required = 8 bars along each girder web face.

= 6.9 spaces

Maximum spacing requirement controls the design.

The top side face bar on each face of the girder web shall be a No. 8 bar.

1 ]

; m— —
P /—‘i
4" P e :‘c S—#8tot 2 per girder
L ]
. E o[ [™— #4 tot 12 per girder

) ® o e @

=
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2.22.0 Shear Reinforcement

Location Shear
Span 2 0.0 1701 k
0.1 1382
0.2 1067
0.3 749
0.4 470
0.5 - 243
0.6 — 488
0.7 - 765
0.8 -1082
0.9 — 1398
1.0 -1717
See page 2-10

Sections located less than d from the face of the bent caps may be designed (BDS Art. 8.16.6.1.2)
for the factored shear, V,, which occurs at d from the face of the caps.

d = 68.61"=5.71'

d from cap face = 2.25' + 5.71'=7.96' from support

The three interior girder webs are flared from 8 inches to 10 inches over a 7 foot flare length.

9.25'

Y

2.25 l 7.0

& Bent

Page 2-46
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At the end of the 7 foot flare
b,=10"+8+8+ 8+10=44"
At the cap face
b,, = 5(10") = 50"
Atd =5.71" from the cap face

b, = 50— 2-71(50 — 44) = 45.1"
7

2.22.1 Stirrup Design Within the Flares

It was assumed when calculating the flare geometry that the stirrup steel would be utilized to
the full extent allowed by BDS Art. 8.16.6.3.9

maximum V, = 8_[fb,d = 83250 (45.1)(68.61)(._1_] - 1411k
JE 1000
Assuming #5 stirrups are used, A, = (5 girders)(2 “8%girder)(0.31 "¥leg) = 3.1 in?

g Avfyd _ (3.1)(60)(68.61) _
V, 1411

s

9.04" maximum

when V,>4_[f7b,d, S shall not exceed < or 12". (BDS Art. 8.16.6.3.8)
4

68.61 _ 171"

d.
4 4

Use S = 9" within the flared sections.
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2.22.2 Stirrup Spacing Limits (BDS Art. 8.16.6.3.8 and 8.19.3)

d
maximum allowed S = czi
n
g = 68-61 — 34.3"
2 2
4w 886 977"
4 4
Assume V_=2 \/E b,.d
oV, = o(V, + V) = |6OVEPwd
109,/f/b,.d

when V; = 4\/Ebwd
when V, =8,/f’b,.d

or 24" when V, < 4,[f’b,.d

b,, = 44" at web sections where no flare is present.

¢ = 0.85 for shear
66 JE b,.d =878 k

106 [f7b,d = 1463 k
24"

maximum allowed S =
12.‘

2.22.3 Shear Capacity for Different Stirrup Spacings

A, =3.1in
b, =44"
d =6861"

V=2 Jgbyd  V,= Avhd

S

when ¢V, <878k
when 878k < ¢V, <1463k

OVa=0(V.+V))

oVn

g:* *1463 k
12 1196
15 1015
18 894
24 744

*1463 k is from the limit, maximum ¢V, = 10¢ Ebwd

Page 2-48

or 12" when 4,/f’b,d < V; < 8,[fb,.d

(BDS Art. 8.16.6.2.1)

(BDS Art. 8.16.1.2.2)
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2.22.4 Graphical Procedure (Steps are shown circled on the following graph)

Step 1: Plot the V,, design envelope to scale. Note that the maximum value of V, occurs at d
from the bent cap faces.

Step 2: For different S values plot ¢V, as a horizontal line. Only do this in the nonflaring web
lengths. '

Step 3: Plot ¢V, values which correspond to maximum S values.

Step 4: Choose reasonable stirrup spacings. Graphically measure distances along the span for
each value of S chosen.

Step 5: Stipulate final design stirrup spacing.

¢ Bent 2 € Bent 3
35U' 26@9" 16@12° ® Q@24 17@12" 27 @9
slirrup spacing
S=9" S=12" @  s=24" S=12" S=0"
19 16’ 17" 20

Place first stirrup
3" from cap face

7.96'
\
\
AN
@ Vp = 1463 ; S=o" 1463
@ ! )
o
s S=12r 1196
3 'i)\
E
o« ) S=15"___ 1015
@ V=878 ’))\ | S=18" 894
® i End of
flare S=24" 744 N
A - 'I.I.
d tr'orn > ‘2
cap face =] K=}
. @ © c
- o >
o =
" Z ©
b e
&
M o
>
L=
1 ] 1 ] | l | ] ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Span 2
Vertical Scale ~ —300k

Horizontal Scale ——22f
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2.23.0 Bent 3 Model

10.75' 22' 10.75'

20' 20

i A
2.24.0 Bent Loads

2.24.1 Dead Loads
From the analysis of the longitudinal model:

Dead load on bent = 1300.6 k (see page 2-80)

Assume this dead load is applied to the cap equally through each of the five girder webs.

deadload  1300.6 k

- = = 260.1k
girder 5

The 1300.6 k dead load did not take into account the existence of a solid cap section.

Extra cap dead load = (57.5")(54")(-1%4)(0.15 kcf) = 3.24 kif (see page 2-52)

Apply this extra dead load uniformly along the cap. Do not apply it on the deck overhangs
however.

2.24.2 Live Loads

The following data is from the longitudinal model analysis. Allloads represent one unfactored
truck/lane.

Bent 3 Maximum Axial Load Case Maximum Moment Case

(member #5) P Miop Mbot P Miop Mbot
HS20 truck 119 k 57 k-ft 0 64 294 0
P-truck 310 142 0 200 761 0

See pages 2-72 and 2-77
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Caltrans currently utilizes a program named "BENT" to analyze bents. The program will apply
the above truck loads directly to the bent in the form of wheel lines. It moves the truck across
the cap to obtain maximum design forces for the cap and supporting columns. It will also put
trucks in more than one lane if necessary. It should be noted that the program considers the bent
to be fully supported against sidesway when computing forces due to live loads.

The bent loading shown below will result in a maximum negative moment in the left cantilever
member. It consists of a single P-truck, dead load due to the solid cap section, and dead load
transferred to the cap through the girder stems.

155k 155k
3.75'

A
260k

4.9 J'260" f 60k l
l’ 3.24 kif .

IR

e e

The 4.9 foot distance shown above is from the edge of deck to the approximate center of gravity
of the exterior girder web.

The 3.75 foot distance = 1.75 feet barrier rail plus 2 feet from lane line to wheel line.

2.25.0 Bent Cap Geometry

The bent columns have a very definite geometry and stiffness. The cap consists of a rectangular
section with overhanging deck and soffit slabs. A reasonable assumption must be made to
determine how much of the deck and soffit slabs can be included as part of the cap.

Use of BDS Art. 8.10.1.4 seems reasonable:

6t = 6(6.375") = 38.25"

Yio L =%0(22') = 26.4"

Yo L = 1A0( 2 x 10.75") = 25.8" for cantilevers

Assume cap web width = column diameter + 6" = 4.5' = 54"

Total cap width = 25.8 + 54 + 25.8 = 105.6" = 8.8’

Section 2 - Reinforced Concrete Page 2-51
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8.8 .
8.‘125' | —|
[ i
3
57.5"
l J
6.375" 45

2.26.0 Face of Bent Support (BDS Art. 8.8.2)

The face of the column support shall be considered to be at a section on the column face which is
1.5 times the structure depth below the deck surface.

€ Column
!
|
X A
©
A .
1
™
1
1§
Face of
™ support
= |

Page 2-52
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Equation of parabolic flare of column face: y = ax?
for x=12', y=2'

a=y/x=2/12

y = (FAss)x?

forx=9', y = %41 (9)*= 1.125'

Face of support = 1.125 + 2 = 3.125' from the column centerline

2.27.0 Factored Cap Design Moments (D + L + I) in k-ft

Location Positive Negative
Left 0.3 0
Cantilever 04 -132
Span 1 0.5 — 552
0.6 -1172
0.7 -1797
0.8 — 2427
0.9 - 3062
1.0 — 3945
Middle 0.0 — 3528
Span 2 0.1 - 360 - 2082
0.2 676 - 1307
0.3 1392 - 552
0.4 2014 117
0.5 2480
0.6 2107
0.7 1404
0.8 724
0.9 - 285
1.0 0
See page 2-91

All of the above moments are factored group I or group I, loads.

2.28.0 Maximum Design Moments

Moments at face of column supports may be used for negative moment design. (BDS Art. 8.8.2)

Span 1: support face is % = 0.2907 of span from column centerline

M, = —2427 + 0.907(2427 — 1797) = 1857 k-ft

Section 2 - Reinforced Concrete Page 2-53
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Span 2: support face is 9—;—2:-22 = 0.142 of span from column centerline

M, =-2082 + 0.42(2082-1307) = -1757 k-ft

Location Design Moment
Span 1 col. face —1857 k-ft
Span2 05 2480 k-ft

2.29.0 BentCap Minimum Reinforcement Requirements (BDS Art.8.17.1)
From the Bent analysis output (see page 2-87):
I,=119.3 ftt

y:= 3.05' for positive moments

2.29.1 For: Positive Moments

119.3Y 144
minim = 94/3250| —— | —— | = 2890 k-ft
M ( 3.05 ][IOOOJ
2.29.2 For: Negative Moments

119.3 144
6 - 3.05 A\ 1000

minimum M, = 943250[ )= 2988 k-ft

Note that the minimum design moments are larger than the factored moments produced by the
truck loadings. Obviously, the columns are overdesigned such that the cap has a relatively low

load applied to it. A more practical design would either downsize the columns or change to a
single column design.

2.30.0 Cap Effective Depth

structure depth 72 72
— clearance 1.5 2
— transverse bars 0.5 0.75
— longitudinal bars 1.27 1.27
— #11 cap bars 1.41/2 1.41/2
d,.s = 68.02" peg = 67.27"
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Span 2: support face is 9—;—2:-22 = 0.142 of span from column centerline

M, =-2082 + 0.42(2082-1307) = -1757 k-ft

Location Design Moment
Span 1 col. face —1857 k-ft
Span2 05 2480 k-ft

2.29.0 BentCap Minimum Reinforcement Requirements (BDS Art.8.17.1)
From the Bent analysis output (see page 2-87):
I,=119.3 ftt

y:= 3.05' for positive moments

2.29.1 For: Positive Moments

119.3Y 144
minim = 94/3250| —— | —— | = 2890 k-ft
M ( 3.05 ][IOOOJ
2.29.2 For: Negative Moments

119.3 144
6 - 3.05 A\ 1000

minimum M, = 943250[ )= 2988 k-ft

Note that the minimum design moments are larger than the factored moments produced by the
truck loadings. Obviously, the columns are overdesigned such that the cap has a relatively low

load applied to it. A more practical design would either downsize the columns or change to a
single column design.

2.30.0 Cap Effective Depth

structure depth 72 72
— clearance 1.5 2
— transverse bars 0.5 0.75
— longitudinal bars 1.27 1.27
— #11 cap bars 1.41/2 1.41/2
d,.s = 68.02" peg = 67.27"
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2.31.0 Cap Steel Requirements

For rectangular sections (a < hy):

z ’ 4 M 1.7 f.bd
A, = —|1-|1- . h = <
Tt ! ¢fydz] where z 3

A,

~ .85f’b

2.31.1 Positive Moment Sections

M,, = 2890 k-ft
b =106"

b, =54"

h, =8.125"

d =6802"

z =663.9in?
A, =9.58in?
a =196"

maximum allowed A, = 78.40 in?

2.31.2 Negative Moment Sections

M, =—-2988 k-ft

b =106"

b, =54"

h =6.375"

d =6727"

z =656.6

A, =10.02in?

a =205"

maximum allowed A, = 74.55 in?

Number of #11 bars required = % =64

Try using 7 #11 bars for both top and bottom steel in the bent cap.
A, = (7)(1.56) = 10.92 in?
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2.32.0 Crack Control (BDS Art. 8.16.8.4)
Service Load Moments (D + L + I)H (see page 2-90)

Span2 0.5pt M =1204 k-ft

Span1 col. face M =-976 k-ft

It should be sufficient to check only at the 1204 k-ft section.

Assume the use of 7 #11 bars.

Calculate the working stress in the steel:

b =106"

b, = 54"

hy =8.125"
n =9

A, =10.92in?

d =68.02" (for positive moment)
M =1204 k-ft
f, =20.46 ksi

s

Since f,=20.46 < 24 ksi, serviceability is satisfied for both crack control and fatigue. (BDS Art.
8.14.1.6)

Therefore, use 7 #11 bars for both top and bottom steel.
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2.33.0 Construction Reinforcement (BDS Art. 8.17.2.1.6)
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Reinforcement shall be placed approximately 3 inches below the construction joint.

. dead load negative moment of shaded portion of cap

Design for M= 1.3 , G
and superstructure as shown in the above figures

Dead load of cap and soffit slab:

DL = (0.15 kcf)[(4.99)(4.5)+(20)(6.375/12)] = 5.0 klf
Dead load of exterior girder web:

DL = (0.15 kcf) [(10/12)(4.99 - 6.375/12)(20)] = 11.2 k
Dead load moment at the cantilevered face of support:

(5KIf)(2.725ft)*

=491 k-
> 49.1 k-ft

M = (2.725')(11.2k) +

M, =1.3(49.1)= 63.8 k-ft
Assume ', = 2500 psi at the time when the cap is required to resist construction loads.

b =106" = effective compression flange width (BDS Art. 8.10.1.4)

b, = 54"

hy =6375"

d =72-8125-4-3=5687"
M, = 63.8 k-ft

required A, = 0.25 in?

The dimensions of the bent model are such that a very small moment was calculated for use in the
design of the construction reinforcement. This has resulted in a very small steel requirement. It
seems reasonable that some other method should be considered for design of the construction steel.
One possibility would be to use minimum reinforcement criteria of BDS Art. 8.17.1.

Design for minimum M, =12 M,,
For simplicity of the example calculations, the overhangs will be neglected.
Loross = %{4.5')(4.99‘)% 46.6 ft*

gross

4
46.6ft 144
=9 1 = 94/3250 = 1377 k- ft
M, = 9fc Ig/y, = 9 [Z.Sft}(IOOO] 3

Now find required A, = 5.45 in?

Use 4 #11 bars (A, = 6.24 in?)

Some designers will initially assume the use of 4#11 bars. They use #11 bars because the main cap
bars are #11. They will then check their steel requirements by the procedure shown above. If 4 #11
bars are insufficient, they will add steel. 1f 4#11 bars are too much, they will still use the 4 #11 bars.
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2.34.0 Cap Side Face Reinforcement (BDS Art. 8.17.2.1.4)
Flexural A_= 7(1.56) = 10.92 in?
10% of A, = 1.1in?
Place this steel within a distance of approximately 53 inches along the side faces of the cap.
Maximum bar spacing = 12"
Minimum bar size = #4

Number of #4 bars required = é—; = 5.5 or 6 bars

Number of 12" spaces between bars = fi—m = 4.5 spaces
mn

Therefore, 6 bars are required along each face of the cap. There is already a #11 bar at the
bottom of the cap and just below the construction joint. Therefore, place 4 #4 bars along
each face of the cap.

2.35.0 Cap Shear Reinforcement

Location Shear
Span 1 0.3 Ok
0.4 - 232
0.5 -572
0.6 -577
0.7 - 581
0.8 — 586
0.9 - 590
1.0 - 826
Span 2 0.0 1026
0.1 617
0.2 545
0.3 473
0.4 400
0.5 -7
See page 2-91

Usually, the maximum design shear, V,,, canbe taken as the shear that occurs at a distance d from
the face of the support. However, major concentrated loads may occur on the cap between the
face of the support and a distance d from the support face. Therefore, it is reasonable to design
for V, which occurs at the face of the support column.
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2.35.1 Span 1 Shear Design at Support Face

Face of support = 2353 0.29 of span from the column centerline

10.75
V, = 586k approximately
d=67.27"
OV, = 2¢ ff.b,d = 2(0.85W/3250(54)(67.27)/1000 = 352k
required ¢V, =V, - ¢V =586 - 352 =234 k
try using #6 stirrups ]
A, = (2 legs)(0.44 in?/leg) = 0.88 in’

A f.d A f.d } ; 27 .
maximum S = ;y = ¢¢Vy = (0.8540 82;{:0)(672 ) = 12.9 inches

5 s

By inspection ¢V, < 4¢.JE b, da

24 inches

Therefore, maximum S = lesser of d = 24"
7 =33 inches

Use #6[_] @ 12" at column face
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2.35.2 Span 1 Shear Design at Cap End

» 3.75'
To first wheel l

Y

4.9

To application of girder dead load l 4.73"

3.25 J ds
2 vertical
1 horizontal
\

d, =(3.75-3.25)(2/1)(12) + 12-4.73 =19.27"
dg =(4.9-3.25)(2/1)(12) +12-4.73 =46.87"

d=67.27"

3.75 feet from Edge of Deck
V,=232k

oV.=20.[f. b,da = 2(0.851/3250(54)(19.27)/1000 = 101 k
required ¢V, = 232-101= 131k

_Afd _ (0.85)0.88)(60)19.27) _ .
= oV, 131 o

maximum S

By inspection ¢V, < 4¢,/f. by,da

24 inches
maximum S = lesser of d =9.6"
da
2

#6[_]@6" willbe acceptable.
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4.9 feet From Edge of Deck
V=572 k approximately

¢V, =20 /. b,dg =245k
required ¢V, = 572 - 245 = 327 k

_ (0.85)(0.88)(60)(46.87)
B 327

maximum S = 6.4"

by inspection, ¢V, < %ﬁ’: b,.dg

24 inches
maximum S = lesser of dg =234"
2

#6[_J]@ 6" will be acceptable

Remainder of Span 1

Use the same spacing as that calculated to be used at the face of the column support.

2.35.3 Span 2 Shear Design

3.125 :
Face of support = > 0.142 of span from the column centerline.
V, =617 -0.42(617 — 545) = 587 k
¢V.= 20Jf. b,,d = 352 k (using d= 67.27")

required ¢V, = 587 - 352 = 235 k

=12.8"

A f.d
maxim uJ:nS=¢ e

By inspection ¢V,< 4¢/f. b,d

24 inches
maximum S = lesser of d = 24"
2

use #6 [__] @ 12" at column face.
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When S = 24 inches

_ 9A/fd _ (0.85)0.88)(60)(67.27) _

125k

° S

24

OV, = 0V, + ¢V, =352+ 125 =477 k

Use #6 [_] @ 24" between the 0.3 and 0.7 points of Span 2.

2.36.0 Final Cap Design

Note: Bar configurationbased on Bridge Design Details manual page 8-30, Dated June 1986.

f #11 tot. 7 cont

[ ] /.; L] @

-
6 e

o o o o

—

) ®
.‘\‘\}
#11 tot. 4 cont

#4 tot. 8 cont

—+—— #11 tot. 7 cont

€ Deck

#6 (1 _|@6

@ 12

@ 12" @ 12° @ 24°

stimup
spacing

@k See Bridge Design Details page 7-42.1
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Part B - Design Notes

2.38.0 Service Load Design - Overview (BDS 8.15)
(Also known as Allowable or Working Stress Design)

In service load design, members are designed for the maximum load which is actually expected to
occur in the member. Stresses are calculated from the loading condition. These applied stresses are
then compared to allowable stresses.

A i N
X P C = 1/2 x f. = total compressive force
d y

= T =Adfs =total tensile force

In the above figure:
Assume that concrete cannot resist tensile forces.

x = distance from extreme concrete compression fiber to the neutral axis. Note that x depends
on section geometry and not on the applied load.

d = effective depth
f. = compressive stress in the extreme concrete fiber

f. = tensile stress in the steel
M = Af, [d _5J= internal resisting moment
3

f. and f, can be calculated using the familiar formula, f= My
I
Both concrete and steel are assumed to stay well within the elastic range for the given loadings.
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2.39.0 Strength Design Method Overview - (BDS 8.16)

(Also known as Load Factor Design)

This is the predominant design method used by Caltrans (see BDS 8.14). Strength design differs
radically from service design. Factors are applied to the actual maximum loads which are expected
to occur on a structure. Members are then designed for these factored loads which should never
occur. The concrete and steel are assumed to behave inelasticity as the factored loads are
approached (this is not entirely true for all parts of strength design, however it is the underlying
basis for this philosophy of design). In general it is assumed that a structure designed this way will
not have a catastrophic failure unless an actual factored load is applied to it.

For example:
M
M

= factored moment at a section

u

. = nominal moment capacity of a section

oM, = design moment capacity of a section
¢ = strength reduction factor (safety factor)
Design Criteria is oM, 2M,

The stress distribution for flexure in girders changes as the loading is increased from service loads
to the nominal capacity of a section. The following figure shows the progression in the stress
distribution diagram as loads are increased from service levels to the nominal capacity of a section.

fe
> — >
Elastic Stress at Inelastic Stress Inelastic Stress at
Service Loads Factored Loads
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The basic criteria for design by the Strength Design Method is:
Design Strength 2 Required Strength (BDS 8.16.1.1)

or
(Strength Reduction Factor) (Nominal Strength) > (Load Factors) (Service Load Forces)

The following terms are very important if one wishes to understand the Strength Design Method.

Service Loads - These are the actual design loads. They are described in detail in BDS
Section 3. From a designers point of view, these are the actual loads
which a structure may be subjected to.

Factored Loads - Service loads increased by factors. The appropriate factors to use are
covered in BDS 3.22.
Required Strength - Strength necessary to resist the factored loads and forces applied to a

structure in the combinations stipulated in BDS 3.22. In determining
the required strength of a section, the factored loads must be placed in
such combinations and locations as to produce the maximum forces on
the cross section under consideration.

Nominal Strength - Strength of a cross section calculated in accordance with the provisions
and assumptions of the BDS Code. For flexure and axial loads, the
assumptions are covered in BDS 8.16.2.

Design Strength - Nominal strength multiplied by a strength reduction factor, ¢. See BDS

8.16.1.2.2 for appropriate ¢ factors.

The subscript “u” is used to denote required strengths or factored forces. The subscript “n” is used
to denote nominal strengths. For example:

M, = factored moment = required moment strength

M, =nominal moment strength = theoretical moment strength

®M,, = design moment strength = usable moment strength
It should be emphasized that M,, and M, are totally independent of each other.
M, is determined from an elastic analysis of the structure with the factored loads applied to it.

M, is a function of the geometry and materials present at a given cross section of a structural
element. It is in no way related to the loads applied to the structure.

For moment, shear and axial loads, the basic criteria for design is:
oM, = M,
OVa2V,
oP, 2P,
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2.40.0 Face of Support - Negative Moment Design (BDS 8.8.2)

For continuous members, instead of designing for the negative moment which occurs at the center
line of the support, the maximum negative design moment may be taken as the moment which
occurs at the face of the support (member and support must be monolithic).

- continuous member D |[1.5D -

face of support a > 45°

- continuous member D |1.5D -

face of support o < 45°
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2.40.1 Example

€ support

r 4 1.5D=#¢ o T

[ A
|
|

face of support

10'
parabolic flare

Equation of the parabolic flare (based on X-Y axis shown)
y =ax? wherey=2 whenx=10
a =y/x*=2/10?=0.02
y =0.02x2
Face of support occurs at x=10"-2"= 8
y = (0.02)(8)*=1.28'

Face of support occurs at 2' + 1.28' = 3.28' from the center line of the column. Use the factored
negative moment at this location for the flexural steel design.
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2.41.0 Cross Sections Experiencing Positive Bending

('Effective compression flange (BDS 8.10.1)
)
- i

L VA v 1

z Effective tension flange

* Each ‘T" is designed as a single girder.

Effective compression flange (BDS 8.10.2)

[}

v 7!
]‘T——' I:' b2 _-;i I‘ b3 _i

b1 + b2 + b3 = Effective tension flange (BDS 8.17.2.1.1)

- - - - -— -
L - - - - - -

Positive bending
region
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2.42.0 Cross Sections Experiencing Negative Bending

( Effective tension flange (BDS 8.17.2.1.1)
ol

§ i
L 77! VA ]

E Effective compression flange

b1 + b2 + b3 = Effective tension flange (BDS 8.17.2.1.1)

ol e ol <

b1 L b2 1 b3

7 7!

[

i

T
-

Effective compression flange (BDS 8.10.2)

mo R / s o)

Negative bending
regions

7777 7777

Page 2-98 Section 2 - Reinforced Concrete




‘t I Bridge Design Practice — February 1994

2.43.0 T-Girder Compression Flange Width (BDS 8.10.1.1)
Positive Moment Case

b . J’h[
% 7
7 7
f
bw . Leir1 bw Leir 2 .

L = girder span length

For a typical exterior girder, left:
1 = lesser of 6hy, overhang length
2 =lesser of 6h, 1 /2 Ly
3=1+b,+2
4 =1/4L
b =lesser of 3and 4

For a typical interior girder:
1 =lesser of 6h;, /2L,
2 =lesser of 6hy, 1/2L ;>
3=1+b,+2
4 =3/
b = lesser of 3 and 4

Also see BDS 8.10.1.2 - 8.10.1.4 for special considerations.
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[

L
=

15"

girder span length = 60’

Interior Girder:

bl

= lesser of 6hy; = 6(8) =48"and /2L, ="'/2(96) = 48"
2 =lesser of 6h; = 6(8) =48"and /2L, =1/2(96) = 48"
3 =1+b,+2=48+15+48=111"

4 =1/41.=1/4(60") = 180"
b

=lesser of 3and 4 = 111"

Exterior Girder (right):
1 =lesser of 6h; = 6(8)=48"and /21, =7/2 (96) = 48"
2 = lesser of 6h; = 6(8) =48" and overhang = 36"
3 =1+b,+2 =48 +15+36=99"
4 =1/4L.=%/4(60") = 180"
b =lesserof 3and 4 = 99"

2.44.0 Box Girder Compression Flange Width (BDS 8.10.2.1)

For box girders, the entire slab width shall be assumed effective for compression.
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2.45.0 Box Girder Effective Tension Flange (BDS 8.17.2.1.1)
Positive Moment Case

Tension reinforcement shall be distributed entirely within the effective tension flange areas.

— le— by,
Leir 1 Leir2 Leir 3
A\ | & i k
t % % %
! !4 b1 =! | b2 | b3 !

]
Yy

L =girder span length
t =tension slab thickness
b1, b2, b3, etc = effective tension flange widths for each girder web.

Lar1,23, ete = Clear spans for each bay.

For a typical exterior girder, bl:
1 =lesser of 6t,1/2 L, 1/12L
2 =b,+1
3 =1/l
bl =lesser of 2 and 3
For a typical interior girder, b2:
1 =lesserof 6t,1/2 L,
2 =lesser of 6t,1/2 L,
3 =14b,+2
4 =1/1wL
b2=lesser of 3 and 4
Whole box effective tension flange width=bl +b2 +b3 +.. ..
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2.45.1 Example:
girder span length = 100’
. 36' = 432"

. 8.5 ] e 12" 15" wide
6.5" E non-effective
4 area

%

10' L 8 j2] @
g -

Calculate the positive moment effective tension flange width. (ie. soffit)

Y

. A
[

Exterior Girder

1 6t  =6(6.5) = 39" 2
e | M e H —- u
}{QL _/12(100) =100 12 + 39 = 51
Vler = Y8 =se by=51"

3 %OL = }/,(100)  =120"

Interior Girder

1 6t=6(6.5)=39"
and 3
2 %Ldr ot = Y5(78) =39" 39 + 12 + 39 = 90"
Y Leirright = Y (108) = 54" by = 90"

4 %{)L = %{)(100') =120"

Total effective tension flange width, b,

=51 +90 + 90 + 51 = 282"
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2.46.0 Box Girder/T-Girder Effective Tension Flange (BDS 8.17.2.1.1)
Negative Moment Case

Tension reinforcement shall be distributed entirely within the effective tension flange areas.

N i‘ b1 ___![%i[_ b2 L%!_ b3 _!%]
i
T B Leir 1 Ler2 Leie 3

L = girder span length
t = tension slab thickness
b1, b2, b3, etc = effective tension flange widths for each girder web.

Leir123.te = Clear spans for each bay.

For a typical exterior girder, b1:
1 = lesser of 6t, overhang length
2 =lesserof 6t, ¥ Ly,
3 =1+b,+2
4 =1/10L
bl= lesser of 3 and 4

For a typical interior girder, b2:
1 =lesserof 6t, 3 L,

2 =lesserof 6t, ¥ L,

3 =1+b,+2

4 =1/10L

b2= lesser of 3 and 4

Whole box effective tension flange width =bl + b2 + b3 +. ...
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2.47.0 Rectangular Section with Tension Bars Only (BDS 8.16.3.2)

!

77777 T
. ?comap;g::s;on a
OM. = 0A £ [d—-) /
T2 % /// ZR
Asfy d
where a=
0.85f'.b
Ag
® .

maximum allowed A, =

0.6375 B, /. bd ( 87000 }

£ 87000+ f,

Solving for A, algebraically:

As-——E 1- IH% where z = s
2 0fy,dz fy

Solving for A, by iteration:

Ay Al M,
b  ¢f,(2d-a)

Assume aninitial value for a. Use that value to calculate As from the second equation. Use that
As value to calculate a new value of a from the first equation. Continue iterating between
equations until a and As values converge to a final solution.
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2.47.1 Example

f'. =3.25 ksi 60" [

f, =60 ksi
b =60"
d. = 65" 65"
M, = 3000 k-ft
* |
Solve algebraically:
_ 1.7(3.25)(60)(65) _a59
60
A, w2 1- [1- 3(3000)12) =10.57in?
2 0.9(60)(65)(359)
_ (10.57)(60) BR2E iy
0.85(3.25)(60)
_ 0.6375(0.85)(3.25)60)(65) [ g7 3 .y
max allowed A= 0 (87 = 6(}] = 67.75in
Solve by iteration:
ac A4(60) _ 03624, i 2(3000)(12) 13333
(0.85)(3.25)(60) : 0.9(60)[2(65)-a]  130-a

assume an initial value of a = 2 in.

a =2in A, =10.42in2
=3.772 =10.56
=3.823 =10.57
=3.826 =10.57

Note: The A, calculation above represents the minimum amount of tension reinforcement
required for the above section with an M= 3000 k-ft.

Section 2 - Reinforced Concrete Page 2-105




‘f I Briclge Design Practice — February 1994 il

2.48.0 Flanged Section with Tension Bars Only (BDS 8.16.3.3)

Always start the analysis or design of a flanged section by assuming that a < h; This means,
calculate the depth of the compressive stress block, a, using the equations fora rectangular section.

a2 ] wers - 17600

2 ¢f,dz =

A,
a =
0.85f"b

If a<h; then

The above calculation of A_ and a are correct.

M, = 9Af, [d~%]

If a>h; then
The above calculation of A, and a are incorrect.

The following equations apply.
OM, = 0| (Ag — Ay )f, d—E]+A f [d—ﬁ)
n s sf )1y 2 sfry 9

0.85(% (b — by, Jh;

fy

where Ay =

) (A, - Asf)fy
0.85f"b,,

: _ 0.6375f, 87000
maximum allowed A, = —fy_[ﬂ]bwd[m +(b-by, )hy

Note: The above equation for maximum allowed A, usually holds true even if a< h.
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Solving for A,:

i
Split the flanged section into 2 // Com ”955'0”///‘ “hf i
rectangular sections as shown. A ¥ a
Perform calculations for each //// N A&

rectangle. Superimpose results.

A= U.85f’c(1l::m by Jhy W % "

¥

h
q} nﬂange ¢ A’Sff { 2f )

®
P e P ARt S
¢'N‘[‘N\.l'ehu = M“_q)Ml'lﬂange : // : ;
I /s T P
1 (oM, ) A :
A, .= Zl1- 1 .\ Cweb)
web ™ ¢ f,dz As
web y
®
whote gel/iPud
fY
A=As+ A, .
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2.48.1 Example: 60"
-

£, = 3.25 ksi is
f), = 60ksi
M,, = 2000 k.ft 42"
Assume a < h; (rectangular section) ®As ‘

, - L7(325)(60)(42) _ ., o

60
5, i 2321, |, _ 4(2000)12) |_ 11 ic2
2 0.9(60)(42)(232.1)

11)(60
(11.11)(60) = 4.02in < h (rectangular compression area)

" 0.85(3.25)(60)
A, =11.11in2
0.6375(3.25) [ 87 )
llowed A, = —— 221 0.85(15)(42 +(60-15)(5
maxallowed 4, = 20 o.as(asyaz| 2 +(60-15)6)

=18.71in?

2.48.2 Example:
For the flanged section in the prior example, calculate A, required when M,, = 3000 k.ft.

Assume a < by

1.7(3.25)(60)(42)

z = = 2321
60
2
A = B2100 f 43000(12) | _ 1oy
2 0.9(60)(42)(232.1)
17.14(60)

- 0.85(3.25)(60) = 6.20 in > h¢ (non-rectangular compression area)

Above calculations are incorrect.
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_ 0.85(3.25)(60-15)(5)

B ~ 10.36 in?
60

OM. . =0.9(10.36)(60) (42 —E][i) — 1841 k-ft

n flange = " * 2 {12 -
M, . = 3000 1841 = 1159 k-ft

>
,_ L7(325)15(42) _ o
60

Ao S0f [T amei ] o,

web™ T 0.9(60)(42)(58.01)

697(60) oo

= 0.85(3.25)(15)
A,=10.36 + 6.97 = 17.33 in?
Note: Suppose required A, > maximum allowed A,. What options might be considered?

Increase ',
Provide compression reinforcement.
Revise the geometry of the concrete section.

Usually, the easiest remedy is to increase the thickness of the concrete compression flange
within the critically loaded regions.

2.49.0 Bar Spacing Limits For Girders

Minimum clear bar spacing (BDS 8.21.1)

1.5d,
greater of {1.5 (maximum aggregate size)
1.51in

Maximum bar spacing in slabs (BDS 8.21.6)

1.5 (slab thickness)

1 e
esser o {18 g

For bundled bars, treat the bundle as a single bar of a diameter such that the area of the single bar
is equivalent to the total area of the bundled bars (BDS 8.21.5).
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2.50.0 Development of Reinforcement

There is very little to say here about calculating bar development lengths. BDS 8.25 through BDS
8.30 covers the subject quite sufficiently. Numerous charts are available in Caltrans and other
publications which lists development lengths for various bar sizes as used in various design details.

However, one very important thing to keep in mind is:

Development lengths of bars with standard hooks, as covered in BDS 8.29, apply only to bars
in tension. To develop a hooked bar in compression, the formulas in BDS 8.26 must be used.

2.51.0 Positive Moment Bar Size Limitation (BDS 8.24.2.3)

Requirement at simple supports and points of inflection*

< My A

Vu

M . ' ; ;
% + £, if bar ends are confined by a compressive reaction.
u

2,<1.3

£, at a support = bar embedment length beyond center of the support.

£, at inflection points = greater of {IZdb

“Note: This requirement does not apply to bars terminating beyond the center line of simple
supports by a standard hook.

2.51.1 Example:
End diaphragm abutment

20 —#10 positive moment bars extend into the abutment.
M,, = 5300 k-ft for 20 bars

V., = 1100 k at the abutment

Abutment width = 2.5' = 30"

¢, =1/2 (abutment width) - clearance = /2 (30") - 3" = 12"
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The direction of the shear and reaction at the abutmentare such that
the bar ends are confined by a compressive reaction.

e l v For #10 bars, £4= 54 inches
1.3 ik +£,=13 (—5—399)(12) + 12 = 87 inches
V, ’ 1100
fn y

£4<1.3 V“ + £, #10 bars are acceptable.

u

2.52.0 Minimum Reinforcement Requirements (BDS 8.17.1)
A minimum design strength is required at any section where tension reinforcement is required.
minimum required ¢M,=1.2M_ (BDS 8.17.1.1)

where M, = cracking moment = moment which will cause tensile cracks in a concrete section
which has no steel reinforcement.

since f, =7.5 JfT =modulus of rupture for normal weight concrete

M,y

Iy

I
minimum required ¢M, = 9./f -3
t

The above minimum ¢M,, requirement may be waived if the area of reinforcement provided at a
section is at least one third greater than that required by analysis (BDS 8.17.1.2).

The above two minimum design criteria can be satisfied by modifying the factored moment
envelope, M,, as follows:

1. Draw to scale the factored moment envelope, M,,.

¢ Ig
2. PlotM’, =9.Jf &

Yt

u

3. PlotM’, = g—M

4. Darken in the final modified factored moment envelope as shown in the following example.
Use the modified envelope to design for flexure.
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2.52.1 Example: 100"

A
£, = 3250 psi 8"
16.8"

I, =18.52 ft!
1 50"

For positive bending;:
centroidal axis of
gross section

y=50-16.8 = 33.2" = 2.77

I 18.52Y 144 in? / ft? 50"
M',=9 f;ﬁ—zwazm( ] - -
4 Vi 2.77 )} 10001b/k
= 494 k-ft
/

L

@ M, =43 Mu / \
—\y @ Modified moment envelope, M,

Use to design for flexure.

Modified Positive Moment Envelope
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2.53.0 Moment Capacity Diagram

2 full length bars .
/’ ’/— 2 partial length bars —

oMy
I capacity envelope due to 2 full length bars
|
|
|
2b 4
o /l//f//N[/HH//NHH///////////H//////////H/////f/h’ff/
|
] -
| |
| |
| |
| |
1
g capacity envelope due to 2 full length bars
and 2 partial length bars
¢Mn i I
i : i gt:l
4 bars _|. |
| p 7777777777777 f7riirr7riiiiriiriirirs
~d |
2 bars _|
a __L b __L c __L d
|

a = flexural capacity increases from zero to ¢M, for 2 tully developed bars

b = flexural capacity is due to 2 fuily developed bars

¢ = flexural capacity increases from ¢My, for 2 fully developed bars to ¢Mp, for 4 fully developed bars
d = flexural capacity is due to 4 fully developed bars
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2.54.0 Moment Capacity Diagram Versus Design Moment Envelope

A B oM, - 6 bars
& oM, or M, | ]
| |
| |
A B { C $M, - 4 bars
i | |
| | |
[ |
| |
[ (#] ! oMp - 2 bars
I ]
|
| |
‘ |
|
!
|
I
|
I
!
|
| £y oM;, = Moment Capacity Diagram
4 oM, or M,

My = Design Moment Envelope
= Factored Moment Envelope

theoretical cut off point for the last two bars

safely factor separating moment capacity diagram
from the factored moment envelope (BDS 8.24.1.2.1)

T T T e e e e  — — — —— . —— L

B = point where bars are theoretically no longer required to resist flexure (theoretical cut off point.)
AB = required bar extension (safety factor, BDS 8.24.1.2.1)

AB = greater of d, 15 dy, and /20 Ly

AC > {4 is required (BDS 8.24.1.2.2)
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2.55.0 Bar Layout - Graphical Procedure (BDS 8.24)

1. Draw the factored moment envelope, M,, to scale.
2. Modify the envelope to meet minimum reinforcement requirements of BDS 8.17.1.
3. Choose bar groups. Several items should be considered in doing this:

* Bars within girder webs (inside stirrup bends) should be continuous.

* At least one third of the positive moment steel must extend into simple supports such as
abutments.

e Atleast one fourth of the positive moment steel must extend into continuous supports such
as bent caps.

o Allbarsused in calculating the strength of the section must be evenly distributed within the
effective tension flange areas.

* Bar layout should be made symmetrical about girder web center lines if at all possible.
* Maximum and minimum bar spacing requirements must be met.

4. Calculate $M,, values for each bar group. Draw horizontal lines representing ¢M_ values for
each group on top of the factored moment envelope.

5. Mark off all points B and C as shown.
6. Calculate required bar extensions. (BDS 8.24.1.2.1)
bar extension = greater of d, 15d,, ' /20 L,
Draw extensions from point Bto A.

7. Calculate the required development length, ¢4 (BDS 8.25). Check that the distances from point
A to point C is at least £,. If it is not, extend point A outward until it is.

8. For negative moment steel, calculate the following embedment length:
embedment length = greater of d, 12d,, * /16 L,

At least one third of the negative moment tension steel must extend beyond the points of
inflection by an amount not less than the above embedment length.

9. Measure the distances from the span center line to the ends of each bar group for positive
moment steel. Measure the distances from the support center line to the ends of each bar group
for negative moment steel.

10. Match lengths of bar group ends to provide an efficient and simple final bar layout. Try to
provide symmetry in the layout and stagger bar cutoffs. Try to keep bar lengths less than or
equal to 60 feet so that splicing will not be required.
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€ span
@ i @ distance from
oo A Bi ¢ M, - 15 bars B A zpa” ~ span§
@ @bar | : ® check £4
extensions | A
il N
A_B c'_/ ¢ Mp - 10 bars ' B A
30 < 40'
| I
l @ M, envelope —™ |
I |
I I
B cv ¢ Mp - 5 bars C continuous
7 AN
\/ \\
C//\ @ envelope modification N\

Bl
| @ envelope modification ——_ - 7 |
3 i
I
, O] !
I ¢ My - 8 bars ! continuous
I C i
[ N | :
1 I | |
I | ¢ Mp - 14 bar !
‘ 1 1 n_- > 1 | o'
%o G c B et
: : - 1/3 Ag past P.1.
I ¢ Mp - !
20" I 20 bars | o5
A B C Cc B A
(— | | —
[ | bar
@ check g | | gsMg . @extensions
12" L\ ! ars oy
A B o /B AT T (9) distance from bent ¢
) 19 Mp -
g |32 bars 10'
A B B A
¢ bent
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2.56.0 Matching Bar Ends

For illustration purposes only, suppose there exist a simple span rectangular girder which requires
amaximum of six bars at center span. The moment envelope and bar groupings are graphed below.
Design an efficient bar layout.

¢ span
4 & M, - 6 bars o4
. m e
% & M, - 2 bars 4
~ M

Technically, the following bar lengths can be used for the construction of this girder:
2 bars 24+24 = 48'
2 bars 36+36=72'
2 bars 41+41= 82
Now, match bar ends to come up with the following preferred bar lengths:
2 bars 24+36= 60'
2 bars 36+24 = 60'
2 bars 41+41= 82’
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The two different bar layouts are shown below.

41 41
24 24
36 36
36 36
24 24
41 41
41 : 41
24 36
36 24
24 36
36 24
41 : 41

Numbers at bar ends represent distances from span center line. Bars over 60 feet long will need to
be spliced.

Note that both bar layouts are technically the same. At any location along the span, each design
contains the same number of steel bars.

However, in the first Jayout, four of the six bars will need to be spliced, and several different bar
lengths will need to be used. In the second layout, only two bars will need splicing and the other
fourbars are all 60 feet long. Itis generally preferable to use alayout with as few splices as possible.
Inaddition, alayoutin whichmostbarsare the same length is easier to construct since workers don't
have as many different bar lengths to keep track of.

This example illustration may not emphasize greatly enoughjust how much better a bar layout can
be when bar ends are matched. The bar layouts done in the example design at the beginning of this
chapter show clearly the advantage of matching bar ends.
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2.57.0 Working Stress Analysis Calculations

The following procedure is valid for both rectangular and flanged sections. The term 2n seen in the
equations is a direct result of BDS 8.15.3.5. To analyze a section based strictly on mechanical theory
every 2n term should be replaced by n.

g

Given: b, b, hy d, d’, A, A, n==2=%, M = applied moment

C

d | J .
h, [} ? ® AL i ]
: Compression Flange X
_ Neutral Axis  § d
As
& :

If hy#0 and b= %[n(ci—h,)As—(2n~1)(h,—d')A's] then set b, = b

b

setB = 1—31— [h(b-by) + nA, + 20— 1) A"]

w

set C = bi[hi' (b-b,) /2+ndA,+ @n-1)d A’

w

x = 4B*+C-B (assumes x > d”)
1 1 3 v : "2
1 = -gbx3h 3 (b-b)x-hP+nA(d-x?+(2n-1) A", (x-d")
Mx . i .
f = I = stress in top fiber of compression flange.
£, = %M;(_—d) = 2nf, (l - d—] = stress in compression steel.
X
£ = ——%?ﬂ:—)-(—l =nf, (E -~ 1] = stress in tension steel.
X
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2.57.1 Example

e 32 .|
| | |
l | ? }
—| ——— 8' typ 62"
— e
f'. =3.25 ksi Service Load, M = 15,000 k-ft
f, =60 ksi
b =32'=384"
b,, = (3)(8) = 24" A, = 76in?
d =62" A’, = 20in?
d’=3.5"
hf = 8"

Isb> 8% [9(62 - 8)(76) — (29 — 1)(8 - 3.5)(20)] = 1106 no
B = 21—4[8 (384 — 24) + (9)(76) + (18 — 1)(20)] = 162.7
C = %[82(384 —24)/2 +(9)(62)(76) + (18 — 1)(3.5)(20)] = 4593
x = ~162.7% +4593 ~162.7 = 13.55 inches

[ = %(384)(13.55)3 - %(384 —24)(13.55 - 8) + (9)(76)(62 — 13.55)2
+ (18 - 1)(20)(13.55 — 3.5)2 = 1,937,890

~ (15000x12)(13.55) _ _
o = 37800 126k
, _ (18)(15000x12)(13.55-35) ,
f. = 1,937,890 =J6 80 ket

¢ (9)(15000x12)(62-13.55)
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2.58.0 Crack Control Serviceability (BDS 8.16.8.4)

To control cracking of concrete, the code requires tension steel to be well distributed within zones
of maximum flexure.

Laboratory test have shown that crack width is generally proportional to steel stress. To limit the
size of cracks which may form, the tensile stress in steel at service levels is limited to an allowable
stress which is a function of the geometry of the reinforced concrete section under investigation.

allowable f,= lesser of .~ __ and 0.6 f,
3 Jd_A

f. = steel tensile stress due to D + (L +I) HS
The variables in the allowable f, formula are described in the code and on following pages.

Note that f, is the tensile stress due to applied service loads. P-loads are not considered service
loads. Factors are not applied at the service level.

The variables d_and A are both dependent on the size of the tension bars. Thisleads to the fact that
for a givenamount of steel, A, as the size of the tension bars decreases, both d.and A decrease, thus
resulting in a larger allowable f; (assuming that 0.6f, does not control for allowable f).

Hence, the conclusion can be drawn that smaller bars at a closer spacing are better than larger bars spaced
farther apart, at least from a crack control point of view.

For a given steel requirement, A, once a bar size is found which meets crack control criteria, it holds that any
smaller bar size will also meet crack control criteria.

£l

In members such as bent caps, it is often found that crack control criteria cannot be met if only the
main longitudinal bars are considered. In this case it may be advantageous to consider the
transverse deck steel over the cap. If the transverse steel is at an angle with the cap center line, an
effective cross sectional area of steel should be calculated. The service level steel stress, f, should
be calculated at the centroid of the bar layer located closest to the extreme tension fiber of the section.

Crack control can be viewed from two different angles:

1. Post Design Crack Control Check (easiest):
Choose size and number of bars to use based on A, from strength design requirements.
Calculate f, at service levels. Be sure to use service or working stress analysis to calculate f,.
Calculate allowable f..

Compare f to allowable f.
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2. Pre-Design Crack Control Check:

This method is useful if the designer wishes to choose a bar size prior to performing additional
design steps.

Choose a bar size to investigate.
Follow the pre-design procedure outlined on pages 2-126 and 2-127.

Keep in mind that {; is calculated using service loads and working stress analysis.

“The benefits of using the Pre-Design Crack Control Check are questionable. However, it has been
used in Caltrans for many years, and for that reason it is included in this version of the Bridge Design
Practice Manual. The procedure has been simplified to make it easier to use than it used to be and,
therefore, many designers may not recognize it at first. It should be noted that a Post Design Crack
Control Check is easier to perform and understand, and is generally the recommended procedure
to follow.

2.59.0 Crack Control Check - Post Design Rectangular Sections (BDS
8.16.8.4)

R N

Neutral Axis

S Lo = S K
3 \_\ N \\ N CG of Rteet i
] ¢ ]
¢ k§} ; \ : \Q\\ \\SJ"\\ X
de \ SN TN Y y
YL by =b :

b, = effective tension flange width (BDS 8.17.2.1)

d. =distance from the extreme concrete tension fiber to the center of the closest tension bar (inches).

total effective tension steel area
area of the largest bar

N =number of bars =
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A - effective tension concrete area which has the same centroid as the tension steel [in2 J

number of tension bars bar
N
f, = steel tensilestress due tounfactored D + (L + ) HS. Calculate f, using working stress analysis
(ksi)

allowable f, = lesser of _ Z__and0s6f,
JaA

If f,£24 ksi or f <allowable f,, then crack control requirements have been met.

* 24 ksi is based on the use of grade 60 steel (BDS 8.14.1.6)

2.59.1 Example:

f'. =3.25 ksi 10" -
f, =60 ksi y
M =600 k-ft a service levels (Q ﬁ
A, =2(1.0) + 3(1.27) =5.81 in?
d =441" 44.1" #4 stirrup
b, =12" 48"
L . | :
dc =2"+0.5 +T =3.14 i ®\\\ \\?\ #9_ \\ @
S . \ . [
N 581 157D m:_ N \ N ;#\10 \_\ N
= — =i, ars b T
1.27 3.9" Q__ D N Q"
2(3.9)(12) HOR b — -1
A =222 20,48 in?/bar T
4.57
2" clear
0.6 £, =0.6 (60) =36 ksi¢—
allowable f = smaller of 7 170 - 424 ksi

3JdA 3 (3.14)(20.48)

calculate service load stress in the steel bars.
f, =319ksi
f, < allowable f..

This section meets crack control criteria.
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2.60.0 Crack Control Check - Post Design / Box Girder With Single
Layer Of Steel (BDS 8.16.8.4)

A A A

A 7 %
hy 7 zZ n3
Y ff; é @ & de
la b1 L b2 . b3 - T
b, = effective tension flange width = b1 + b2 + b3 (BDS 8.17.2.1)
d. = distance from the extreme concrete tension fiber to the center of the closest tension bar (in).

total effective tension steel area

N = number of bars =
area of the largest bar

A - effective tension concrete area which has the same centroid as the ténsion steel | in’

number of tension bars bar
A = lesserof 2dcbt | hiby

N N
f, = steeltensilestress due tounfactored D+ (L+I) HS. Calculate f, using working stress analysis
(ksi).

allowable f, = lesser of __%__ and 0.6f,
3Jd.A

If f, < 24 ksi or f <allowablef, then crack control requirements have been met.

*24 ksi is based on the use of grade 60 steel (BDS 8.14.1.6)
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2.60.1 Example

| 26' = 312" N

| o
| | &

i —=  f—10p | !
v VoA 7 6.25"
o L 1 I N 1
40" I 80" [ 40" |

£ =4ksi
£, =60 ksi
b = 312"
b,,= 3(10")=30"
h, =8
d =57"

Section 2 - Reinforced Concrele

b, = effective tension flange width=40 + 80 + 40 = 160"
tension flange thickness = 6.25"

required A, = 35 in?

M = 5200 k-ft at service levels

n =E/E =8
; 35 : o
Try using #11 bars. N = ~1-—5—g=23 bars with A, = 35.88 in
Perform a service /working stress analysis to find
f, =32.23 ksi
Calculate allowable £,
d. =3"
z =170k/in
A= 2‘1{:]"* = HENIC0) 11 P2

allowable f = I, L
ToAJd.A 3 (3)(41.74)

=33.98 ksi > f,

This section meets crack control criteria.
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2.61.0 Crack Control - Pre Design (BDS 8.16.8.4)

The following procedure can be used to find out how many tension bars should be used to satisfy
crack control requirements. It is only applicable when all of the tension bars are the same size. It
should be noted that a post design crack control check will often be easier to perform. If an existing
design is to be checked, use the post design crack control procedure.

d. = distance from extreme concrete tension fiber to center of the closest tension bar.

A, = area of tension steel required to meet strength design requirements.

Ay, = area of one tension bar.

A, = effective area of concrete in tension which surrounds the tension steel and has the same

centroid as the tension steel.
z = crack control factor (see specifications)
f, = working stress in tension steel at service loads.
ng = number of bars required to satisfy strength design
n, = number of bars required to satisfy crack control allowable stress formula, f, = z /(dCA)%
Ny, = mnumber of bars required to create stresses in the tension steel of 24 ksi.
Ny, = number of bars required to create stresses in the tension steel of 36 ksi.
n = minimum number of bars required.
f, = 60 ksiis assumed.

See the design example in part A of this chapter.
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1. Calculate required A, for the factored moment, M,
2. Calculate f, assuming A, = amount of tension steel present. Use working stress analysis and

service load moments, D + (L + I)H.

3. Calculate ngy = s
Ay

4. If f <24 ksi,use n=ny

9]

. Calculated, A, and T = Af,

A, = (b,) x lesser of {id‘

t
Where h, = thickness of tension flange
b, = effective tension flange width

*This definition of A, is only good if all tension bars are in a single layer.

1
T > 4
6. Calculate n_= ( ] d.A,

ZAb
Ngq = <
24A,
M=
36A4
7. If n.>ny, use n = larger of n,, or ngy

If myg>n.>nye usen=largerof n. or ny

If n,.<ng use n = larger of ny, or ng
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2.62.0 Pre Design Crack Control Derivation

Start with an assumed A, value from strength design.

Assume T= A f, = constant for relatively small adjustments in A._.

f, = T - working stress in steel at service loads.
oz z
Sallow 1 L
(d.A) [che)s
n
equate f_, and f..
z T 7T
——e ==
( d A, )E A DA
n
solve for n:

3 4
= [[ T J d A } = number of bars to satisfy the empirical allowable formula
ZAb C e

designate n, = n from above formula.
since T = constant is assumed and T = Af,,

T = nA.f, = constant

Ny = T = number of bars to use for f, =24 ksi
24A,

Ny, = T — humber of bars to use for f, = 36 ksi
36A,
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2.62.1 Final Logic:

1. Ifn. > ny, then

For n, bars present, f, ~__ % — <24 ksi
(d.A)3

Therefore, use n =n,, (BDS8.14.14)

2. If ny >n. > ny then,
For n, bars present, 24 ksi <f, ~ —Z‘T < 36 ksi
(d.A)3
Therefore use n = n

3. Ifn., <ny

For n, bars present, f, - Z _ >36ksi
c P : T

(deA)

But, maximum allowable f, = 36 ksi

Therefore, more bars are needed to bring stresses down to 36 ksi.

Use n = nyg
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2.63.0 Fatigue Serviceability (BDS 8.16.8.3)

Fatigue is a result of stress fluctuations in tension steel. Fatigue serviceability is addressed by
comparing the stress range which the steel experiences to an allowable stress range.

Requirement:

23.4 = 033 fin 2 ey~ i

equivalent expressmm{fmx — 0.67 foyin < 234

f = maximum stress in reinforcement from (D+L+I) HS service loads in ksi (calculate using
working stress analysis)

= minimum stress in reinforcement from (D+L+I)HS service loads in ksi (calculate using
working stress analysis)

min

sign convention: tensile stresses are positive
compressive stresses are negative

M., = Maximum dead plus positive live load moment

M, = Maximum dead plus negative live load moment

M, ..= Moment which causes maximum stress, f__, in the steel
M, = Moment which causes minimum stress, f_,, in the steel
N = Number of fully developed tension bars.

When checking bottom steel, Mg, = Mo, My, = M,
When checking top steel, Mpax = Mpegy  Mpin =M,

1. If the member is prismatic and the only section property which varies is A_, then

A. At all sections where M, . and M,,;, are positive , calculate

Ml‘na)r —: {67 Mmin
Ag

or

— 067 ;
Mmax Ef Mmin if all bars are the same size

Do a fatigue check on the section which yields the highest value.
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B. Atall sections where M, and M, are negative, calculate

My = 0.67 Mo |

A ]

or

IMma" _ ]%67 Mm"“} if all bars are the same size

Do a fatigue check on the section which yields the highest value.

C. Atall sections where M,,,, and M,;, are of different signs, perform a fatigue check.

If the member is non-prismatic or if some section properties other than A_ differ from section
to section, then a fatigue check must be performed at all cross sections.

2.63.1 Derivation For Procedure Outlined In 1A and 1B

If all section properties except A, are held constant, then it is found that f, is approximately
proportional to M/ A.. Therefore, f; increases as M/ A, increases.

Also, applying a moment M =M, —0.67 M, to a section will yield a steel stress equivalent
to f,=f . -0.67f ;.

Mmax - 0.67 Mmin
As

M
Therefore f,=f__,, —0.67f ., willincrease as the value of ok increases.

s

Therefore, for all prismatic members where moment reversal does not occur, the section which
Mmax - 0.67 Mmin

m is a maximum.

will be the most critical in fatigue is the one where
5
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2.63.2 Example

3“ 85“

2.7" top bars, Ag=4.0in2
¢ bottom bars, Ag = 5.0 in2

-Q
T: >

12"

M = 300 k-ft.= maximum service D + (L+]) HS
M = - 40k-ft.= minimum service D + (L+I) HS

Working Stress Analysis

n 9 9

85 12
by 12 12
hy 8 0
d 39 38.7
d’ 3 2.7
A, 5.0 4.0
Al 4.0 5.0
M 300 - 40
fs
tfopbars | -3.02 3.35
fs
bot bars 19.46 —1.48

Note: At sections where moment
reversal occurs, compression
steel must be included in the
working stress analysis.

Check top steel: 3.35-0.67( - 3.02) = 5.37 ksi < 23.4 ksi O.K.
Check bottom steel: 19.46 — 0.67 (—1.48) = 20.45 ksi < 23.4 ksi O.K.
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2.64.0 Shear Design (BDS 8.16.6.1 - 8.16.6.3 and 8.19.1 - 8.19.2)
Require ¢V, 2V,

Sections located less than a distance d from the face of support may designed for the same shear,
V.. as that computed at a distance d from the face of support. See the specifications for the
exceptions to this (BDS 8.16.6.1.2).

V, = V_+ V, = nominal shear capacity of a section.
V.= ZJfTC'bwd may be assumed.

_ A d
S

Vs when shear bars are perpendicular to the member.

s shall not exceed & or 24 in when Vi=4 [1rp 4
2 CUw

s shall not exceed % or 12 in when 4\/wad <V.<8 f.b,d

V, shall not be taken greater than 8 E b,d

1
Shear reinforcement is required anytime V,, 2 Eq;vc
1
Anywhere that V,, 2 ~2—¢Vc the area of shear reinforcement provided shall not be less than:

A = 50bw5

k

2.65.0 Shear Design and Girder Webs

Since V shall not be taken greater than 8 \/H b,,d - the maximum shear capacity of a section is:
Vi = (Ve +V,)=9(2y/Fcb,,d + 8f.b,d)=10¢,Fib,.d

Therefore, it is required that V, <104 f.b,d

Y
109,/f'.d

required minimum b, =

[tis common practice to flare girder webs near span ends when necessary to meet the above criteria.

Section 2 - Reinforced Concrete Page 2-133




‘# I Bridge Design Practice — February 1994 Hll

2.66.0 Shear Design of Flared Girder Webs - example

C ¢ of symmetrical section

Assumed cross section:

fo =3.25 ksi
" f = 60 k i
—| e e

by =4(8) =32in

Analysis gives the following design shear envelope.

Vy (kips)
A

—11

@ support
1391

1315

100 4+ — = — — — — —

I
rql support

I

!

f I
ace |
|

I

i

y

I
!
|
I
i
I
I
t
.6

2 7.67

Span Location
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At d from support face, V,= 1100 K
Is V, <10 ¢ /f.b,,d =(10)(0.85)~/3250 (32)(68)[%) =1054K NO.

Therefore girder web flares are required.

Calculate the width of web required at the face of support. (Width of web required could be
calculated at d from the support face, but this would probably make calculations of other flare
dimensions more complicated.)

v, (1315)(1000)

— - 9, i
109,/f.d  (10)(0.85)+/3250(68) e

required minimum b,, =

Use b, = 10 in. per girder = 40 in. for the whole box

Determine the required flare length.

Locate the span location where V =104 \ﬁfbwd = 1054k

By straight line approximation of the V, envelope:

(1391-1100) .
7.67

V, =1054 = 1391 -
x = 8.88 ft. from support centerline
= 6.88 ft. from face of support
Note that x could have been found graphically also.
Based on x = 6.88 ft, a 7 ft flare would be adequate.
However, an 8 ft flare length would probably be better for construction purposes.

Minimum required flare length = 12 (difference in web width) (BDS 8.11.3)
=12 (2in)=24in.
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Plan View of Typical Interior Girder Web

¢ support S» o l\
s

The flare width was calculated assuming that stirrup steel would be utilized to the full extent
allowed by BDS 8.16.6.3.9.

At d =5.67" from face of support.
b,, = 40 — 5'% (40-32) = 343 in
assumed V, = 8 \[f. b,d =8 +/3250 (34‘3)(68)[1—[)1()—0) =1064 k
Assuming use of #5 stirrups, @

A, = (4 girders)(2 legs/stirrup)(0.31 in?/leg) = 2.48 in?

Avfyd _ (2.48)(60)(68)

max allowed s = =951 in.
* ; 1064
Since V, > 4./f, b,d
max allowed s = 12 in.
max allowed s = Q = é?_ =17 in.
4 4

Use #5 stirrups spaced at 9 in. centers within the 8 ft. long flared girder web sections.
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2.67.0 Shear Modifications Due to Bar Cutoffs (BDS 8.24.1.4)

Any time flexural steel is terminated ina tension zone the factored shear envelope mustbe modified
(actually there is one other option not discussed here).

This modification is only required if the tension steel isterminated within the portion of the member
used to calculate shear strength.

ML
M,
A

)

The shaded regions of the above members are used to calculate shear strength. Bars are likely to
be terminated in a tension zone when using the T-Section. Thus, shear modifications are required.
The web bars in the box girder section should always be made continuous, thus no shear
modifications are needed. :

The specifications allow for two relatively simple ways to modify the shear design. Either or both
ways may be utilized.

2.67.1 Modification Method 1 (BDS 8.24.1.4.1)

Design for a modified factored shear force
V,=15V,

Design for this modified value within the region bounded by the end of the terminated tension
bar and a point located at 0.75d from the end of the terminated bar.

2.67.2 Modification Method 2 (BDS 8.24.1.4.2)

Design for a modified factored shear force
V', =V,+60 ¢ b,d when units are Ibs and inches

V', =V, +0.06 ¢ b,d when units are kips and inches

maximum allowed s = —
8By

area of steel cutoff
area of steel cutoff + area of steel continuing)

where B, = (

Design for this modified value within the region bounded by the end of the terminated tension
bar and a point located 0.75d from the end of the terminated bar.
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Shear Modification Example

oM, - 6 bars

I 1

| i Bar culef! point
1 i

i m ; /

] I

I |

My, - 2 bars

— - R AL b o —

M, envelope ——

Vi =15V,

7Ny =Vy+ 0.06 dbyd

Vu

—_. Original V,,
envelope

This sectian modified for
comwvenience only

¢ Abutment ¢ Zent

The sclid line represents the madified shear design envelope.
Note that V' = V, + 0.06 ¢by,d will be the most efficient modification for this span.
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2.67.3 Modification Method 1 - Derivation (BDS 8.24.1.4.1)
code requires V,<?/5 9V,

¢V, =215V,
Therefore, design for V', = 1.5V,

2.67.4 Modification Method 2 - Derivation (BDS 8.24.1.4.1)

Code requires shear steel in excess of that which is normally required.

60b,,s

y

Excess required A, 2

A, f,d .
= = shear capacity of steel

s
(excess required A, )f,d o [60 bws]( fde

s fy s

5

excess required V, =
=60 b,d

require ¢V =V + ¢ (excess required V,) =V + 60 ¢b,,d

therefore, design for V', =V, + 60 ¢b,d

use method 1 when V, <120 ¢b,d
use method 2 when V> 120 b, d
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2.68.0 Shear Friction Design (BDS 8.16.6.4)

Shear friction concepts shall be applied when it is appropriate to consider shear transfer across a
given plane, such as an existing or potential crack, an interface between dissimilar materials, or an
interface between two concretes cast at different times (BDS 8.16.6.4.1)

As slipping begins to occur along a cracked surface, the two faces of the cracked surface must
separate a minimum amount in order to allow further slippage to occur.

/——;__.“
Vu VU
—_ —_— =
~—T oAy
R

Asthe two faces separate, a clamping force is developed in the bars crossing the interface. The shear
force is then resisted by friction which develops between the faces (other forces also help to resist
slippage, but are not discussed here).

The rest of this section conveys only enough information for shear friction design of simple
components such as shear keys and beam supports. Components such as brackets, corbels and
hinge seats are much more complex. The BDS and ACI codes should be studied thoroughly before
attempting design of one of these items. The PCA publication, Notes on ACI 318-89 is a good source
of information for shear friction design.
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Potential Crack Locations

Ni

| G |

/J_/‘/_ é\\, dapped ends

i |

support bearing

/ deck slab

beam
splice

| 555

E

\ corbel

column base
LM_,M___“_#‘_“_/
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2.68.1 Basic shear Friction Requirements (BDS 8.16.6.4.4)

\A
0.20f.
VLI
800¢

A B
Use units of pounds and inches.
Ay 2

When shear-friction reinforcement is perpendicular to the assumed crack location.

Vu

A
of 1

When shear-friction reinforcement is at an angle to the assumed crack location:

Vl'.l
¢f (1 sin o + cos o)

A2
Net tensile forces across the assumed crack shall be resisted by additional tension reinforcement.

A,z N,

W ¢fy5j.'rlC(f

Permanent net compressive forces across the assumed crack may be utilized in calculating the shear
strength of the section.

Vi = Ay, (sin 0+ cos o) + N,

Vu_uNu
¢ £, (isin o +cos o)

A=
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c:}
Ry
7777
reinforcement "
=
: 20°
R, = factored support reaction
u = factored force due to shrinkage and temperature
effects and other loads. T, = 0.2 Ry, is generally
considered a minimum design load to consider. assumed
crack
location
/— Ry cos og
T, cos ¢
Ry ) Ty sin of
Ry sin of

Applied Forces
V, =R, sin o + T, cos oy
N, =T, sin o;— R cos o

— Ayt fy COS oy

Ayi Ty sin oy

Resisting Forces
V, = A, (it sin ag + cos ay) if N, = tensile force

V, = A, (sin og+ cos o) + uN,, if N, = compressive force
N, = A.f, sin o = nominal tensile strength

Total required steel, A, = Ay + A,

Distribute steel uniformly along potential crack plane.
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2.68.2 Example — Shear Key

f'. =3.25ksi v,
f, =60 ksi
R e —

V, =200k L potential crack
If shear key concrete is placed monolithically:
p =14A=14(1.0)=14

Vv 200,000 Ibs 362 in?

u__ = = 362 —
o |oEd T (02)085)3250) -

minimum A, =

V,  _ 200,000 Ibs _ 994 in?

800¢  (800)(0.85)

V, 200

of,n (0.85)(60)(14) 20

required A =

Shear reinforcement must be anchored to develop the steels yield strength on both sides of the
potential crack plane.

Often, the height of the key is not sufficient to develop straight bars, thus hooked bars are often
used. It is common to use “U” bars for this purpose. This will require that an even number of
legs cross the potential crack.

For #5 bars, No. of legs required = % =9

2.8
For #6 bars, No. of legs required = TP 6.4

Choose 5 — #5 “U" bars. The legs of the bars shall extend beneath the potential crack plane
sufficiently to develop the specified yield strength.
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2.69.0 Compression Members (BDS 8.16.4)

Compression members can fail in three ways:
1. Compression failure - concrete crushes prior to tension steel yielding.
2. Balanced failure - concrete crushes as tension steel yields.

3. Tension failure - steel yields prior to concrete crushing (actually, the failure is still defined
as the point at which the concrete crushes).

As the axial strength, P, of a member changes, so does the flexural strength, M,. An interaction
curve relates P, to M.

To check the adequacy of a section for a set of required strengths, M, and P,, always enter the
diagram with the value of P, first. Projecthorizontally to the curve, and then read what the moment
strength is.

Given: required P, = 1300k
required M, = 500k-ft

Find: for P, =1300k
M, = 550k-ft

Pn
My, > required M,
Py, = 700
Section is adequate

My, 550

Note: If P >P, a compression controls condition exist.

If P < P, a tension controls condition exist.
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2.69.1 Example
For the section shown, draw the interaction diagram for bending about the x - x axis.

cll = 3”
f'. =3.25ksi 5606 6 I 4
£, =60ksi |
4 - #8 bars at each face X — x (d=21"1|24
¥

A, = 3.16 in? for 4 bars o O 0O O lw—l
¥

"

For pure axial compression:
P, =085 (Ag-Ay)+Af,
= .85 (3.25)(242 - 6.32) + (6.32)(60) = 1953 k

M, =0

For pure flexure:

P,=0
Af (3.16)(60)

- sy _ _ ; . )
a= 085(,b ~ (0.85)(3.25)24) 2.86 (Neglecting A’ )
M, = A, (dwij = (3.16)(60) (21—2'—8‘1](—1} = 309 kit

2 2 A12
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Balanced failure condition:

Tension steel yields just as the concrete crushes

g = |l d:( i )(21)=12.429"
8700{}+fy 87 + 60

a, =P, = (0.85)(12.429) = 10.564"
C. =0.85 ', ab = (0.85)(3.25)(10.564)(24) = 700.4 k ¢,

£ = E@O(Ld) < 60,000 /E
C F'n

_87000(12429-3) _ (o1, 60 ki
12.429

C.= A" (f,-0.85f,) = (3.16)[60 - (0.85)(3.25)] = 180.9 k T
T= A, = (3.16)(60) = 189.6 k
P, =C +C,—T=700.4+180.9~189.6 = 692 k

M, = C, [12*3 +C, (12-d") + T (d - 12) = 670 k-ft

Compression failure condition: -

Concrete crushes before tension steel can yield.
For this condition, ¢ > ¢,

Tryc=20" a=085c=17"

C. =0.85f ab=1127 k

£, = 87c-d) _ 4, 60 kst
Y
C. =A’,(f,-0.85f,)=1809k
f, = 87(d-c) <60
C
f, =4.35ksi

T =Af =137k
P, =C.+C,-T=1294k

M, =C, (12%) #C.(12-d") + T (d-12) = 475 k-t

Section 2 - Reinforced Concrete Page 2-147




‘t I Bridge Design Practice — February 1994 il

Tension failure condition:

Tension steel yields prior to concrete crushing.
For this condition, ¢ <c .

Tryc=6" a=0.85c=5.1"

C. =085f_ab=338k

g, = B pr s
C

C, =A’,(f, - 0.85f ) =129k
T =AJf, = (3.16)(60) = 190 k
P, =C.+C, -T=277k

M, = cc(u_%) +C, (12-d’) + T(d - 12) = 505 k-ft.

i
P, “51 953,0)
S
S
.
S~
-~
~
S~
S
= ~
Pn {max)}
(1294,475)
p compression
n (K) controls
A
. (692,670)
|
|
Y |
tension |
controls (277,505) |
I
(0,309) ! .
2} Mp
Mp (k-ft)
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Suppose a certain loading produces the following forces on the member.
P, =906 k
M, = 330 k- ft
with ¢ = 0.70 for tied members
P./¢ =1294k
M,/ ¢ =471 k-ft
From the interaction diagram at point A,
When P, = 1294, M,=475>M,/¢
Therefore, the section is adequate.
Suppose P, =0
M, =330 k- ft
P,/¢ =0
M, /¢ =471 k-ft
From the interaction diagram at point B,
When P, =0, M, =309 <M,/¢
Therefore, the section is not adequate.

Note that the section was adequate when a higher axial load was applied. Therefore, it
would have been erroneous to assume that reducing the axial load while leaving the
moment constant would still result in an adequate section.
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2.69.2 Example:
End diaphragm abutment P,
h = 30" = thickness of the abutment M

n
b =12"
d =27.5" P, 20k
f.=3.25 ksi

=
f, = 60 ksi M,,= 50k
¢ =0.70
d=275"
For equilibrium: e
Pn=C—T:0.85 f’cba—ASfy ‘l’_"_\’T
h T=Ady C=085f.ba

: a
M., = 0.85 f’ ba (5- 2] +Af, (d-h/2)

In the above equations, note the following points. P, is assumed to act through the sections
plastic centroid which is estimated at h/2 from the compression face. In calculating M,,
moments must be taken about the plastic centroid. The compression reinforcement has been

ignored for simplicity.
Solve the above two equations:

P,(2d—h)+2M, "

2_24
Y )

_ 0.85f/ba-P,

5 fy

A

Set P, =P, /¢ and M, = M,,/¢ (be careful of units)
Finda=1.366" A,=0.279in%/ft

#5 bars at (—i] (0.31)=13.33"
0.279

Try using #5 bars at 12".
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